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C olleen  A. Baker, M.S., 1995 Pharm acology
A m in o  A cid C arbam ates A s Inh ib ito rs A n d  S ubstra tes O f H ig h -A ffin ity  
G lu tam ate  T ran sp o rt In  Rat B rain Synaptosom es (73 pp .)
D irector: R ichard  J. Bridges, P h  D.
T he process of excito tox ic-neuronal patho logy  is m e d ia ted  th ro u g h  th e  
excessive ac tiva tion  of excitatory am ino  acid (EAA) recep to rs  by e ith e r  
en d o g e n o u s  tran sm itte rs  {e.g., g lu tam ate , aspartate) or ex o g en o u s ag o n is ts  
{e.g., N M D  A, kainate). Recently a n u m b er of am in o  acids h av e  b ee n  
id en tified  th a t appear to  in d u ce  excitotoxic dam age, ye t are s tru c tu ra lly  
d iss im ila r from  g lu tam ate  {e.g., p -N -m ethy lam ino -L -alan ine , BM AA; a,p- 
d ia m in o p ro p io n a te , DAP). The d iscovery th a t th is  toxicity w as d e p e n d e n t 
u p o n  th e  presence of b icarbonate led  to  the conclusion  th a t the  tru e  ag o n is t 
activ ity  w as attribu tab le  to a carbam ate fo rm ed  from  th e  am in o  acid  a n d  
carbon  d ioxide.
In  th e  p resen t study  w e h av e  exam ined  the  ability  of these  am in o  acid 
carbam ates to  inh ib it h ig h  affinity g lu tam ate  up take . A s th is  tra n sp o rt sy stem  
is responsib le  for regu la ting  ex tracellu lar g lu tam ate  levels a n d  p re v e n tin g  
excitotoxic dam age, any  loss in  activity  could  p o ten tia te  E A A -m ed ia ted  
in ju ry . W e find  the ability of DAP, b u t no t BM AA, to  in h ib it the  g lu ta m a te  
tran sp o rte r  in  ra t fo reb ra in  synap tosom es increased  sign ifican tly  in  th e  
p resence of so d iu m  bicarbonate. In h ib itio n  of u p tak e  by D A P /C O 2  w as a lso  
stereoselective, w ith  the  L -enantiom er being  the m ore  p o ten t b locker. W h ile  
CO 2  m ay  in te rac t w ith  e ither am ino  g roup  o n  L-DAP, m o lecu lar m o d e lin g  
s tu d ies  ind icate  th a t the p-carbam ate is the  active inh ib ito r. T his w o rk  
su g g ests  th a t the  neurotoxic action of DAP m ay  inc lude  a n  ac tion  n o t o n ly  a t 
th e  EA A  receptors, b u t also a t the EAA transporte r.
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INTRODUCTION
I. G LUTA M A TE
L -G lutam ate w as first rep o rted  to  h av e  an  excitatory  effect o n  sp in a l 
n eu ro n s  b y  C urtis , Phillis, an d  W atk ins in  1959 (C urtis, ef,a/.,1959). H o w ev er; 
its  d is trib u tio n  th ro u g h o u t the  body  an d  its in v o lv e m e n t in  in te rm e d ia ry  
m e tab o lism  set it  ap a rt from  n e u ro tran sm itte rs  su ch  as y -am inobu ty ric  acid 
(GABA), d o p am in e , an d  acetylcholine, an d  m ak e  its p o stu la ted  ro le  in  th e  
CN S m u ch  m ore  con troversial. These m etabolic ro les in c lu d e  n o t o n ly  
p ro te in  syn thesis, b u t also a n u m b er of im p o rta n t b iochem ical pathw ays. A s 
a su b stra te  of am in o tran sam in ases , g lu tam ate  is an  im p o rta n t co m p o u n d  in  
am m o n ia  an d  am in o  acid  m etabolism . It is also th e  d irec t p recu rso r of a- 
k e to g lu ta ra te , a key tricarboxylic a d d  cycle in te rm ed ia te . G lu tam ate  can  a lso  
be red u ced  to g lu tam ic y-sem ialdehyde, a p recu rso r in  th e  fo rm a tio n  o f 
p ro lin e  (w hich  ev en tu a lly  form s collagen) an d  o rn ith in e  (w h ich  leads to  
a rg in in e  an d  u rea  synthesis). W hen  g lu tam ate  u n d erg o es  a pyridoxal 
p h o sp h a te -d ep e n d en t decarboxylation  by g lu tam ic a d d  decarboxylase (GAD), 
it  fo rm s GABA, a n  im p o rta n t inh ib ito ry  n eu ro tran sm itte r.
For these  reasons, considerab le effort over the  p a s t 30 years h as  focused  
o n  d em o n s tra tin g  th a t g lu tam ate  m eets the  criteria  of a classic 
n eu ro tran sm itte r. S tud ies have  sh o w n  th a t g lu tam ate  is p ack ag ed  in  synap tic  
v e s id e s  w ith in  p resy n ap tic  te rm inals , an d  re leased  in to  the syanp tic  d e f t  in  a 
-d e p en d e n t m an n er (Figure 1) (N icholls an d  A ttw ell, 1990). E xogenous
1
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F ig u re  1. E xcitatory  A m ino  A cid S ynapse .
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ap p lica tio n s of g lu tam ate  activate postsynap tic  recep to rs  a n d  p ro d u ce  
excita tory  signals sim ilar to those observed in  the p resence of e n d o g e n o u s  
n e u ro tra n sm itte r  (C otm an, et.aL, 1987). F inally  a h ig h  affin ity  g lu ta m a te  
tra n sp o rt system  has been  iden tified  an d  p o stu la ted  to p lay  a ro le  in  s ig n a l 
te rm in a tio n  (Balcar an d  Johnston , 1972; R osenberg , et.al., 1992). T a k e n  
to g e th e r the  resu lts  of these stud ies ind icate  th a t n o t o n ly  is g lu tam a te  a 
tran sm itte r , b u t it is the princip le  excitatory n e u ro tra n sm itte r  in  th e  
m a m m a lia n  cen tral n e rv o u s  system  (C otm an, et.aU, 1995; M o n ag h an , et.aL,
1989).
IL G LUTAM ATE RECEPTORS
G iv en  the critical role th a t the postsynap tic  recep to rs  p lay  in  
n eu ro tran sm iss io n , it is n o t su rp ris in g  th a t considerab le em p h asis  has b een  
p laced  o n  defin ing  the pharm acology  of the excitatory  am in o  acid  (EAA) 
receptors. The receptors h av e  been  d iv id ed  in to  tw o  p h arm aco lo g ica l 
categories; iono trop ic  {i.e., those th a t are d irectly  coup led  to  io n  ch an n e ls )  
a n d  m etabo trop ic  {i.e., those th a t are linked  to  second  m essen g er system s) 
(M onaghan , et.al., 1989; C otm an , et.al., 1995). It is th ro u g h  the  ac tiv a tio n  o f 
io n o tro p ic  a n d  m etabo trop ic  receptors (Figure 1), th a t g lu tam a te  m e d ia te s  
b o th  fa s t excita tory  transm ission  an d  com plex signaling  p rocesses su c h  as long 
te rm  p o te n tia tio n  (LTP) an d  plasticity (C otm an, et.al., 1989; M o n ag h an , et.al., 
1989; C ollingridge an d  W olf, 1991).
T he iono trop ic  receptors w ere n am ed  after th e  selective agon ists  th a t
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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w ere  u sed  to  d ifferen tia te  the v ario u s receptor subclasses: N -m eth y l-D -
asp arta te  (NM D  A), a -am ino-3 -hydroxy-5 -m ethy l-isoxazo le-4 -p rop ionate  
(AM PA ), a n d  kainate  (KA) (M onaghan, et.al., 1989; C o tm an , et.al., 1995). 
O w ing  to  the lim ited  availability  of selective an tag o n ists , early  
pharm aco log ica l stud ies could  readily  d is tin g u ish  A M P A  an d  KA recep to rs 
from  N M D A  receptors, b u t n o t from  each o ther (M onaghan , et.al., 1989). For 
th is  reaso n  they  are  o ften  referred  to  collectively as "non -N M D A " receptors. 
B oth KA an d  A M P A  recep to rs are responsib le for m ed ia tin g  the fast excitatory  
postsynap tic  p o ten tia ls  a t EAA synapses (H eadley a n d  G rillner, 1990). T hey  
are v o ltag e  in d ep en d en t a n d  gate depo larizing  cu rren ts m ed ia ted  by th e  en try  
of so d iu m  in to  the  n eu ro n  (M onaghan, et.al., 1989). It w as n o t u n til b o th  
physio logical and  rad io ligand  b ind ing  stud ies w ere carried  o u t th a t  
d is tin c tio n s  b etw een  KA an d  AM P A  receptors becam e m ore  clear (W a tk in s  
a n d  E vans, 1981; Fagg, 1985; M ayer a n d  W estbrook , 1987). S tu d ies  
d em o n stra te  the recep tors differ from  each  o th e r w ith  respect to  ag o n is t 
po ten tcy , anatom ical location, and  desensitiza tion . KA recep to rs exhib it a n  
ag o n ist po ten tcy  of: d o m o a te> k a in a te > q u isq u a la te» L -g lu ta m a te  (D avis,
et.al., 1979; Evans, et.al., 1987), w hile  A M P A  receptors ap p ear to  h av e  a n  
ag o n is t po ten tcy  o rd e r of qu isqualate> A M P A > L -g lu tam ate> kaina te  
(M o n ag h an , et.al., 1989). These p a tte rn s  are also observed  in  b in d in g  s tu d ie s  
u s in g  3H -kainate (Sim on, et.al., 1976; L ondon  an d  Coyle, 1979; S lev in , et.al., 
1983) a n d  ^H-AM PA (H onore, et.al., 1982; M urphy , et.al., 1987; O lsen , et.al., 
1987). S tud ies using  ^H -kainate ind icate  th a t KA recep to rs are  m o s t
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
n u m e ro u s  in  the h ip p o cam p al CA3 s tra tu m  lu c id u m , deep  cerebral cortical 
layers, s tr ia tu m , re ticu lar nucleus of th a lam u s, an d  g ran u le  cell layer o f th e  
ce rebellum  (M onaghan  an d  C otm an, 1982; U n n ers ta ll a n d  W am sley , 1983). 
In  con trast, A M P A  recep tors are m ost dense in  the  C A l s tra tu m  ra d ia tu m , 
o u te r  cortical layers, la teral sep tum , an d  m olecu lar layer of th e  ce reb e llu m  
(M onaghan , et.al., 1984; O lsen, et.al., 1987). KA recep tors desensitize  v e ry  
slow ly, w h ereas A M PA  receptors do  so rap id ly  (M ayer an d  W estbrook , 1987; 
H en ley  an d  O sw ald , 1988; M ayer and  Vlyklicki, 1989).
T he recen t iden tifica tion  o f cD N A s has genera ted  th e  m o st d irec t 
ev idence  o f heterogeneity  b etw een  the  non-N M D A  recep tors (Egebjerg, et.al., 
1991; Bettler, et.al., 1992; H erb, et.al., 1992; S om m er, et.al., 1992). C o n s is te n t 
w ith  ea rlie r find ings, expressed  clones p roduce responses separab le in to  K A  
an d  A M PA  sensitiv ities (C otm an, et.al., 1995). T hus far, fou r A M PA  su b u n its  
h av e  b een  iso lated  (G luR l-G luR 4, also referred  to as G luR A -G luR D ) a n d  
h av e  b ee n  found  to  be active w h en  expression  is h o m o m eric  o r h e te ro m e ric  
(C otm an , et.al., 1995). RN A  splicing generates a lternate  "flip" o r "flop" 
v a ria n ts  in  w h ich  th e  "flip" v arian ts  p roduce a larger su s ta in ed  cu rren t th a n  
d o  th e  "flop" v arian ts  (Som m er, et.al., 1990). U pon  channel fo rm atio n , th ese  
su b u n its  are ac tivated  by A M PA  an d  to som e ex ten t by KA (C otm an, et.al., 
1995). KA  recep to rs have been  d iv id ed  in to  five subunits: G luR 5-G luR 7 a n d  
K A -l-K A -2, w here  GluRS an d  GluR6 form  active h o m o m eric  o r h e te ro m e ric  
ch an n els  an d  GluR7, KA-1, an d  KA-2 form  only  active he te ro m eric  c h a n n e ls  
(C otm an , et.al., 1995). G luR5-G luR7 d em o n stra te  low -affin ity  KA b in d in g .
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w h ile  GIiiR7, KA-1 an d  KA-2 have a h igh-affin ity  for KA b in d in g  (C o tm an , 
e t.a l, 1995).
U n like  non-N M D A  recep tors, N M D A  receptors are  vo ltage d e p e n d e n t
a n d  are  p erm eab le  to  Ca2+, as w ell as N a^  an d  K+. N M D A  recep to rs appear 
to  possess a t least five discrete ligand  b in d in g  dom ains: (f ) a tran sm itte r  site 
to  w h ich  an  agon ist such  as L -glu tam ate binds), {ii ) a reg u la to ry  o r coactivator 
site to  w h ich  glycine b inds), (Hi ) a site inside the  ch an n el th a t b in d s  
p h en cy clid in e  an d  re la ted  com pounds, {iv ) a v o ltag e-d ep en d en t site in  th e  
io n  channel w h ich  b in d s  Mg^+, a n d  {v ) an  inh ib ito ry  d iv a len t cation  Zn^+
b in d in g  site (M onaghan  et.al., 1989). The vo ltage dependency  an d  Ca^+ 
p erm eab ility  of th e  channel allow  long te rm  p o ten tia tio n  (LTP), long  te rm  
d ep ress io n  (LTD), an d  d ev e lo p m en ta l plasticity  to occur (M uller, et.al., 1988; 
N icoll, et.al., 1988). The cloning of the N M D A  recep tor has d is tin g u ish ed  tw o  
fam ilies of subun its , N M D A R l and  NM DAR2. The N M D A R l su b u n it h a s  
sev en  splice v a rian ts  {e.g., N M D A R IA -G ) an d  can assem ble h o m o m eric  o r  
he te ro m eric  channels  (M oriyoshi, et.al., 1991). The N M D A R 2 su b u n it h a s  
fou r splice v a rian ts  {e.g., NM DAR2A-D) an d  is on ly  capable o f fo rm in g  
h e tero m eric  channels (Ishii, et.al., 1993).
In  con trast to  ionotropic receptors, m etabotropic recep to rs are G p ro te in  
coup led . These receptors h av e  also been  d is tin g u ish ed  by the  ac tion  of 
selective agonists such  as 1-am ino  cyclopentane-frans - 1,3 -dicarboxylic acid 
(ACPD) an d  L -2-am ino-4 -phosphonobu tano ic  acid (L-AP4) (M onaghan , et.al., 
1989; Schoepp , et.al., 1990; Schoepp, 1994; C o tm an , et.al., 1995). W id e ly
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exp ressed  th ro u g h o u t the  b rain , ACPD receptor sub types h av e  b ee n  sh o w n  to  
be lin k ed  to  b o th  p h o sp h o in o s itid e  (PI) second m essenger system s an d  cyclic 
ad en o sin e  m o n o p h o sp h a te  (cAMP) p ro d u c tio n  (Berridge, 1987; Schoepp a n d  
C onn , 1993). L-AP4 recep tors are th o u g h t to  be p resen t on  p resy n ap tic  
te rm in a ls  an d  located in  only  a few  b ra in  areas. E lectrophysio logically , 
ac tiv a tio n  of m etabo trop ic  receptors can p roduce  e ith er excitatory  o r 
in h ib ito ry  actions (S tratton, et.al., 1990; Baskys an d  M alenka, 1991; D esai a n d  
C onn , 1991). ACPD can p roduce  d ep o lariza tio n  an d  red u c tio n  of th e  after­
h y p erp o la riza tio n , b lock  cell firing, a n d  reduce the postsynap tic  p o ten tia l. A t 
least six sub types of m etabo trop ic  receptors, m G luR l-m G luR 6 , have  b ee n  
c loned  a t th is  p o in t (N akanishi, 1992).
III. G LUTAM ATE TRANSPORTERS
In ad d itio n  to  receptors, EAA synapses also co n ta in  tra n sp o rte r  
p ro te in s  th a t are responsib le for the rap id  clearance of g lu tam ate  f ro m  
ex tracellu la r spaces (N icholls an d  A ttw ell, 1990). It is the  rap id  rem o v a l of 
g lu tam a te  th ro u g h  these tran sp o rte rs  th a t is th o u g h t to  co n trib u te  to  th e  
te rm in a tio n  o f excitatory signals, the reg u la tio n  of ex tracellu lar g lu ta m a te  
levels, an d  the recycling of g lu tam ate  th ro u g h  th e  g lu tam in e  cycle 
(H am berger, et.al., 1979; Shank, et.al., 1981; Schousboe, et.al., 1988; R osenberg , 
et.al., 1992). T hus, u n d e r  no rm al circum stances the  rem o v a l of synaptically  
re leased  g lu tam ate  su rro u n d in g  the recep to rs is th o u g h t to  be  d e p e n d e n t 
u p o n  b o th  d iffusion  an d  up take  (N icholls an d  A ttw ell, 1990; Isaacson  a n d
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N icoll, 1993).
C om parab le  to  the heterogeneity  observed  w ith  EAA recep to rs, 
ev idence  suggest sub types of transporte rs can be d iffe ren tia ted  o n  the  basis of:
ion ic dep en d en ce  (Na+ vs. C l"), subcellu lar fu n c tio n  (synap tosom al vs. 
synap tic  vesicle), ce llu lar type (neu ronal an d  glial), an d  ana to m ica l lo c a tio n  
(fo reb rain  an d  cerebellar) (Balcar, et.al., 1987; A nderson , et.al., 1990; K anai a n d
H ed ig er, 1992; C ham berlin  an d  Bridges, 1993; R obinson, et.al., 1993). The Na"*" 
-d e p en d e n t tran sp o rte r, w h ich  is fo u n d  o n  p resynap tic  te rm in a ls  a n d  glial 
m em b ran es, is the m ost ex tensively  characterized  tran sp o rte r  w ith  respect to  
m ech an ism , pharm aco logy , and  d is trib u tio n  (K anner a n d  S chu ld iner, 1987; 
A n d erso n , et.al., 1990; N icholls an d  A ttw ell, 1990; A rriza, et.al., 1994).
A n  inw ard ly -d irec ted  electrochem ical so d iu m  g rad ien t m a in ta in ed  by
th e  action  of N a+ /K +  A TPase d rives the u p h ill tran sp o rt of the  g lu tam a te  
in to  n e u ro n s  an d  glia (Figure 2) (K anner an d  S chu ld iner, 1987). The exact 
s to ich io m etry  of the tran sp o rt process rem ains unclear. S tud ies by K an n e r  
an d  Sharon; Barbour, et.al.; an d  P ine an d  K anner rep o rt th a t the  tra n s lo c a tio n  
of g lu tam ate  in to  p resynap tic  te rm inals is accom panied  by  the  co tran sp o rt of 3 
N a+  ions (or 2 N a+  ions an d  1 H+ ion) in to  the  cell and  1 K+ io n  o u t of th e  
cell (K anner an d  Sharon , 1978; B arbour, et.al., 1988; P ine a n d  K anner, 1990). 
E vidence p ro d u ced  from  kinetic and  th e rm o d y n am ic  s tud ies p e rfo rm ed  by
S tallcup , et.al.; an d  Erecinska, et.al., ind icate  a s to ich iom etry  of 2 Na"*" : 1 
g lu tam ate  is favored  (Stallcup, et.al, 1979; Erecinska, et.al., 1983). If a O H "
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F ig u re  2. M o d e l o f H ig h  A ffin ity  Na* -D e p en d e n t G lu ta m a te  T ran sp o rt.
GLU n(Na+) m (K +)
OUTSIDE
C -  (Na+)n-CLU
(3) ( 1)
(4) (7)(5)
C .(N a+ )n 'G L U
INSIDE
GLU
The above schem atic rep resen ts  the  u p tak e  of g lu tam ate  by th e  h ig h -a ffin ity  
Na^ -d e p en d e n t g lu tam ate  tran sp o rte r (C) beg inn ing  w ith  the b in d in g  of Na^ 
(1-2), fo llow ed  by the  b in d in g  of g lu tam ate  (3), the  in te rn a liz a tio n  of th e  
tra n sp o rte r  (3-4), the  release of g lu tam ate  in to  the ex tracellu lar e n v i ro n m e n t  
(4-5), an d  the re tu rn  o f th e  tran sp o rte r to  the extracellu lar surface (5,6,7,8).
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a n io n  is  co u n te rtran sp o rted  o u t of the cell in  ad d itio n  to  a K+ cation , th e  
sto ich iom etry  is th o u g h t to be  2 Na+ : 1 K+ : 1 g lu tam ate  (Bouvier, et.al., 1992).
I t sh o u ld  also be no ted  th a t w hile  tran sp o rt is generally  th o u g h t o f in  
te rm s of u p tak e , the action  of the tran sp o rte r p ro te in  is n o t u n id ire c tio n a l. 
T h u s substra tes can  also be tran sp o rted  o u t of the  cell d e p e n d in g  u p o n  io n  
a n d  substra te  grad ien ts. P rev ious stud ies have  d em o n stra ted  th a t th e  
tra n sp o rte r  can rap id ly  exchange an  in te rn a l an d  ex ternal substra te  w ith o u t  
"n e t"  tran sp o rt tak ing  place. If the tw o substra tes are iden tical, th is  p rocess is 
re fe rred  to  as hom oexchange; if no t, th is is referred  to  as h e te ro ex ch an g e  
(C hristensen , 1975).
To characterize the specificity of the Na* -d ep en d en t tran sp o rte r, la rge 
n u m b e rs  o f g lu tam ate  analogues have  been  screened  for the ir ability to  
in h ib it th e  u p tak e  of rad io labeled  substra tes {e.g., ^H -L -glutam ate a n d  ^H-D- 
asparta te ) in to  synaptosom es, cu ltu red  astrocytes, an d  tissue  slices (R o b in so n , 
et.al., 1991; C h am b erlin  an d  Bridges, 1993). G enerally , in h ib ito rs  possess th e  
fo llow ing  characteristics: a n  a -am in o  acid w ith  a second acidic g ro u p  
sep ara ted  from  the  a-CO O H  by 2-4 m ethy lene g ro u p s (C ham berlin  a n d  
Bridges, 1993). M odification  of the  carbon backbone is to le ra ted  to  so m e  
deg ree  as is su b stitu tio n  a t the d istal C O O H  group , w h ich  can be d eriv a tized  to  
a h y d ro x am a te  {e.g., L -aspartate-p-hydroxam ate) o r rep laced  by a su lfo n a te  
g ro u p  {e.g., cysteic acid) (Curtis, et.al., 1959). S tudies have  also  fo u n d  th a t th is  
tra n sp o rte r  is stereoselective, since D -g lu tam ate is on ly  a w eak  an tag o n is t, 
w h ile  L- an d  D -aspartate are excellent substra tes (C ham berlin  an d  B ridges,
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1993). T he iden tifica tio n  of tran sp o rt inh ib ito rs  th a t are  co n fo rm a tio n a lly  
restric ted  an a lo g u es o f L -glutam ate {e.g., L -trans-2 ,4-pyrro lid ine dicarboxylate 
(L-trans-2,4-PDC), (2S,3R,4S)-a(carboxycyclopropyl) glycine (L-CCGi-III) 
(S h inozak i, et.al., 1989), and  c is-l-am inocyc lobu tane-l^ -d icarboxy la te  (CACB) 
(Fletcher, et.al., 1991» has greatly  ad d ed  to  the  p h arm aco lo g ica l 
ch arac te riza tio n  of th is  u p tak e  system .
To d a te  at least th ree  g lu tam ate  tran sp o rte rs  (GLAST (Stork, et.al., 
1992), GLT-1 (Pines, et.al., 1992), an d  EAAC 1 (K anai an d  H ediger, 1992)) h a v e  
b een  cloned. C om parative  analysis ind icates th a t they: (i ) are  expressed  in  
th e  b ra in ; (ii ) lack ap p a ren t signal sequences; (Hi ) con tain  carbohydrate  
m oie ties , an d  (iv  ) h av e  m olecu lar w eights of abou t 57-64 kD. The first tw o  
are th o u g h t to  be of glial o rig in , w hile  the la tter appears to  be of n e u ro n a l  
o rig in  (K ainai an d  H ediger, 1992). R ecent stud ies h av e  also id en tified  a 
h u m a n  co u n te rp a rt for each of the clones (A rriza, et.al., 1994).
W hile  these transporte rs: (i) dem o n stra te  a s trong  N a^-d ep en d en cy ;
(ii) are  enan tiose lec tive ; (in) are inh ib ited  by u p tak e  blockers (i.e.,
d ih y d ro k a in a te , (3-threo-hydroxy-aspartate, an d  L-trans-2,4-PDC); an d  (iv)
sh a re  ab o u t 50% hom ology  am ong  them selves; they exhib it little  h o m o lo g y  
w ith  o th e r  eukaryo tic  p ro te in s  (i.e., the  superfam ily  of GABA, n o ra d re n a lin e , 
se ro to n in , d o p am in e , glycine, and  choline transm itte rs) (U hl, 1992). S tu d ies  
in d ica te  th a t these tran sp o rte rs  are re la ted  to  the p ro to n -co u p led  g lu ta m a te  
tran sp o rte rs  fo u n d  in  E. coli an d  o ther bacteria  (glt-P (Tolner, et.al., 1992)) a n d  
th e  dicarboxylic tran sp o rte r (dct-A (Jiang, et.al., 1989)) fo u n d  in  R h iz o b iu m
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m e lilo ti.
W hile  the exact role of tran sp o rt in  signal te rm in a tio n  is debated  
(N icho lls  a n d  A ttw ell, 1990), it is generally  accepted th a t tran sp o rte rs  p lay  a 
critical ro le  in  reg u la tin g  the  ex tracellu lar level of g lu tam ate  in  the C N S 
(N icoll, et.al., 1988; C lem ents, et.al., 1992; Isaacson an d  N icoll, 1993). F a ilu re  
to  rem o v e  g lu tam ate  from  the  synaptic cleft leads to th e  accu m u la tio n  of 
g lu tam a te  to  toxic levels w h ich  cause o v erac tiv a tio n  o f the  EA A  recep to rs 
(M cBean an d  Roberts, 1985). C hanges in  tran sp o rt activ ity  m ay  also be 
associated  w ith  n eu ro d eg en era tiv e  disease. T hus, w h ile  the affin ity  fo r 
g lu tam ate  ap p ea rs  to  be  unchanged  in  b ra in  tissue iso lated  from  am y o tro p h ic  
la te ra l sclerosis (ALS) a n d  A lzh e im er's  patien ts, s tu d ies suggest th a t th e  
velocity  of g lu tam ate  tran sp o rt decreases in  ALS patien ts  (R othstein , et.al.,
1992) an d  th a t the  n u m b er of tran sp o rt sites decreases in  p a tien ts  w ith  
A lzh e im er's  d isease (Schw arcz an d  M eldrum , 1985; R othstein , et.al., 1992).
IV. E X aX O T O X iaT Y
In parallel w ith  the characterization  of g lu tam ate  as a 
n e u ro tra n sm itte r , stud ies have  also d em o n stra ted  th a t io n o tro p ic  EA A  
agonists, are  p o ten t n eu ro to x in s (Choi, 1992; R o thste in , et.al., 1992). 
A ccu m u la tin g  ev idence suggests th is  toxicity is m ed ia ted  th ro u g h  
o v erac tiv a tio n  of EAA recep tors an d  is referred  to  as exd to tox ic ity  (Choi, 1992; 
R o thste in , et.al., 1992). A reas of the b ra in  con tain ing  h ig h  levels o f g lu ta m a te  
recep to rs, su ch  as the h ip p o cam p u s, are m ost sen sitiv e  to  excitotoxic d am ag e
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(C o tm an , et.al., 1987; M eldrum  an d  G arthw aite , 1990; Lodge an d  C o lling ridge, 
1991). F u rth e rm o re , in v itro  an d  in v i v o  s tu d ies h av e  d em o n stra te d  th a t  
excitotoxic n e u ra l dam age can be reduced  by EAA recep to r an tag o n is ts  
(Schw arcz a n d  M eld rum , 1985; W illis, et.a l, 1993). S im ilarities b e tw een  EA A  
m e d ia ted  n eu ro n a l in ju ry  an d  the pathology  associated w ith  a w id e  range  o f 
n eu ro lo g ica l d iso rders, such  as ischem ia, am yo troph ic  la tera l sclerosis, 
H u n tin g to n 's  d isease , an d  A lzheim er's d isease, suggest th a t excitotoxicity is a 
sign ifican t pathological m echan ism  in  the  CNS (Olney, e t.a l,  1976; N u n n ,  
e t.a l,  1987; R o th m an  an d  O lney, 1987; Spencer, e t.a l, 1987; C hoi, 1988; 
M eld ru m  a n d  G arthw aite , 1990).
In  the  neurological d iso rders d iscussed  above, the excitotoxic path o lo g y  
is a ttrib u ted  to  th e  ac tion  o f en dogenous g lu tam ate. H ow ever, a n u m b er of 
am in o  acids fo u n d  in  the  en v iro n m e n t have  also been  fo u n d  to  p ro d u ce  
excitotoxic dam age w h en  consum ed  by h u m a n s  (N unn , e t.a l,  1987; S tew art, 
e t.a l,  1990). For exam ple p-N-oxalyl-L-a, p -d iam inoprop ion ic  acid (p-ODAP) 
w h ich  is p resen t in  the chickling pea, Lathyrus sativus, p ro d u ces a p e rm a n e n t 
spastic paralysis o f the  legs referred  to as n eu ro la th y rism  (Spencer a n d  
S chaum burg , 1983; N u n n , et.a l, 1987; Spencer, et.al. 1987; Bridges, e t.a l,  1989; 
W eiss, et.a l, 1989b). D om oic acid, w h ich  o rig inates in  the p la n k to n  th a t b lu e  
m u sse ls  feed  u p o n , p roduces vary ing  degrees of tem p o ra l lobe d am ag e  w ith  
am n esia  w h en  ingested  by h u m a n s  (Stew art, e t.a l, 1990; S u th e rlan d , e t.a l,  
1990). T hese co m p o u n d s, h av in g  sim ilar s tru c tu res  to  g lu tam a te  (tw o 
carboxyl g roups an d  an  am ino  g roup  separa ted  by 2-3 m e th y le n e  g roups).
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h av e  b ee n  sh o w n  electrophysiologically  to  act as agon ists  an d  b io ch em ica lly  
to  b in d  to  the  EAA receptors (C ham berlin  an d  Bridges, 1993). S tu d ies  w ith  
n e u ro n a l cu ltu res h av e  sh o w n  these exogenous EAAs to  be p o te n t 
n eu ro to x in s . Im p o rtan tly , th is toxicity can be blocked by EAA an tag o n is ts  
(S tew art, et.al., 1990; W illis, et.al., 1993). It has b een  fu rth e r  suggested  th a t a 
co n trib u tin g  factor to excitotoxic p roperties m ay reside in  the  fact th a t th ese  
agon ists  are  n o t substra tes  of the  g lu tam ate  tran sp o rte r, consequen tly  m a k in g  
i t  d ifficu lt to rem o v e  these agents from  the ex tracellu lar e n v i ro n m e n t  
a ro u n d  th e  receptors. N o t su rp rising ly  these co m p o u n d s h av e  becom e u se fu l 
too ls fo r s tu d y in g  the EAA tran sm itte r system , th e  m ech an ism s of 
neu ro tox ic ity , an d  several n eu rodegenera tive  diseases.
V. CA RBA M A TES
In teresting ly , a  n u m b er of co m pounds (e.g., p -N -m ethy lam ino -L - 
a lan in e  (BMAA) an d  L-cysteine) have  recently  been  id en tified  th a t p ro d u ce  
excitotoxic dam age, yet are s truc tu ra lly  d issim ilar to g lu tam a te  (i.e., they  
possess on ly  1 carboxyl g roup) (W eiss and  Choi, 1988; W eiss, et.al., 1989a, 
1989b; O lney, et.al., 1990; C opani, et.al., 1991; Kisby, et.al., 1992; L e h m a n n , 
et.al., 1993). P rogress in  th is ap p a ren t inconsistency  cam e from  th e  
o b se rv a tio n  th a t th e  neurotoxic action  of these co m p o u n d s w a s  d e p e n d en t o n  
th e  p resence  of b icarbonate (W eiss an d  Choi, 1988; D avis, et.al., 1991). T h u s , 
w h ile  the  am in o  acids alone p ro d u ced  little  excitotoxic dam age, they  becam e 
toxic w h e n  com bined  w ith  b icarbonate (W eiss an d  C hoi, 1988; D uncan , et.al..
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1990). C onsisten t w ith  the action a t EAA receptors, th is  toxicity  can be 
in h ib ited  by g lu tam ate  an tagonists. W hile it  has b ee n  suggested  th a t  
b icarbonate  m ay  m odify  the g lu tam ate  receptors, s tu d ies  d em o n stra te  th a t  
th is  ev en t is un like ly  since the  sing le-channel conductance ac tiva ted  by 
BM AA w ith  b icarbonate  is the sam e as th a t activated  by N M D A  or g lu ta m a te  
(W eiss an d  Choi, 1988; W eiss, et.al., 1989). In  ligh t o f these  o b serva tions, i t  
w as h y p o th esized  th a t w h en  carbon d ioxide adds to  a free am ine  g ro u p  o n  a 
frac tion  of the  am ino  acids it fo rm s a new  co m p o u n d , a carbam ate, w h ic h  
m o re  closely resem bles classic EAA agonists (Figure 3). T hus, it  is th o u g h t to  
be th e  carbam ate w h ich  is the tru e  EAA agonist an d  the  m ed ia to r o f th e  
n e u ro n a l in ju ry  in d u ced  by these u n u su a l am ino  acids (W eiss an d  C hoi, 
1988; D avis, et.al., 1991).
C arbam ate  fo rm atio n  has been  stud ied  using  N M R an d  reverse  liq u id  
ph ase  ch ro m ato g rap h y  (RPLC). In N M R stud ies o n  L-BMAA, DL-a,p- 
d iam in o p ro p io n ic  acid (DL-DAP), an d  D L-a,y-diam inobutyric acid  (DL-DAB) 
in  th e  presence an d  absence of hydrogencarbonate , carbam ate peaks appeared  
b e tw een  50 an d  60 p p m  in  all of the spectra (Davis, et.al., 1991). A lth o u g h  
carbam ates can be en v is io n ed  to  form  a t e ither of the am in e  g ro u p s o n  DAP 
a n d  DAB, th e  g reatest s tru c tu ra l sim ilarity  to  g lu tam ate  is  fo u n d  w h en  a 
carb am ate  is fo rm ed  o n  the side chain  am ine g roup  of these  co m p o u n d s (see 
F igu re  3) (W eiss, et.al., 1989a; D avis, et.al., 1991). R elated s tu d ies  u s in g  RPLC 
h av e  b ee n  carried  o u t to  de te rm in e  carbam ate fo rm atio n  co n stan ts  a n d  m o le  
frac tions of carbam ates fo rm ed  from  11 L -a-am ino ac ids a n d  p ep tid es  (C hen,
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F ig u re  3. A m in o  A cids (L-DAP, L-DAB, an d  BM AA ) a n d  T h e ir  C a rb am a te  
F orm s C o m p ared  to th e  S truc tu re  o f G lu tam ate .
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et.al, 1993), E ven  th o u g h  no  direct re la tio n sh ip  b e tw een  th e  fo rm a tio n  
co n s tan t an d  the am ine  pKa has been  found , the  au th o rs  observed  a 
co rre la tio n  b e tw een  the am ine pK a an d  the percen tage of carbam ate  fo rm ed  a t 
a g iv en  p H  (N u n n  an d  O 'B rien, 1989; Chen, et.al, 1993). In  u sin g  th e  
eq u ilib riu m  constan t ex trapo lated  to  a physiological v a lu e  fo r the b icarbonate
concen tra tion  (= 25 m M ), it is  suggested  th a t 26% carbam ate fo rm a tio n  is se en
a t pH =7.4 for the co m p o u n d  BMAA (N u n n  an d  O 'B rien, 1989). In  s im ila r  
s tu d ies , it has been  suggested th a t significant am o u n ts  of carbam ates do  n o t  
fo rm  o n  a-am ines of am ino  acids w ith  pK a va lu es g reater th a n  9.5 in  
physio logical cond itions (Chen, et.al, 1993). Taken together, these d a ta  suggest 
th a t carbam ates can  form  o n  d istal am ine  g roups of selected am in o  acids a t 
physio log ically  significant levels an d  su p p o rt the ir p o ten tia l co n trib u tio n  to  
recep to r ac tiva tion  a n d  exdto toxicity  (N u n n  an d  O 'B rien, 1989; N u n n , et.al.,
1993).
W hile  stu d ies of carbam ates have focused p rim arily  o n  the ir toxic 
effects o r  the ir actions as EAA agonists, little is k n o w n  ab o u t th e ir  p o te n tia l 
ac tion  a t the  g lu tam ate  transpo rte rs . Such an  activ ity  is p a rticu la rly  
im p o r ta n t because g lu tam ate  up take  plays an  im p o rta n t ro le in  re g u la tin g  
EAA levels  an d  p rev en tin g  excitotoxic dam age (R osenberg a n d  A iz e n m a n , 
1989; R obinson , et.al., 1991; R osenberg, et.al, 1992; R othste in , et.al,, 1992). If 
carbam ates in h ib it th e  transpo rte r, they  could  po ten tia lly  lead  to  th e  
ex trace llu la r accu m u la tio n  of excitotoxic levels of g lu tam ate . B eyond th e ir  
p o te n tia l action  as g lu tam ate  up take  inh ib ito rs , it is also im p o r ta n t to
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d e te rm in e  if carbam ates are substra tes of the tran sp o rte r. Specifically, th is  
w ill an sw er the q u estio n  as to  w h e th e r o r n o t carbam ates can  be re m o v e d  
fro m  th e  ex tracellu lar space by up take  an d  in fluence the a m o u n t o f tim e to  
w h ich  receptors are exposed to  these excitotoxins. T hus, a  be tte r 
u n d e rs ta n d in g  of the in te rac tions betw een  carbam ates an d  th e  g lu ta m a te  
tra n sp o rt system  w ill p ro v id e  in sigh t in to  th e  toxic m ech an ism s o f carbam ate  
fo rm ing  am ino  acids as w ell as  in to  tran sp o rte r pharm acology .
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VI. SPECIFIC OBJECTIVES
T he overa ll goal of th is  project w as to  investiga te  the  ability  o f a m in o
acid carbam ates to  in h ib it an d  serve as substra tes of the  h ig h  affin ity  , Na'*'- 
d e p e n d e n t g lu tam ate  u p tak e  system  fo u n d  o n  synap tosom es p rep a red  f ro m  
ra t  forebrain . This w as  carried  o u t b y  the fo llow ing objectives:
A. To d eterm ine  if in vitro cond itions favorable to  carbam ate  
fo rm atio n  are also  com patib le w ith  tran sp o rte r function .
B. To assay am ino  acids of in terest in  the presence an d  absence of
3
so d iu m  bicarbonate  for their ability to  inh ib it u p tak e  o f H -D -asparta te  
in to  ra t  b ra in  synaptosom es.
C. To kinetically  characterize those com pounds th a t fo rm  am ino  
ac id  carbam ates capable of inh ib iting  the synap tosom e tran sp o rt 
system .
D. To use the  process of heteroexchange to  d e te rm in e  if those am ino  
acid  carbam ates th a t inh ib it up take  can also act as substra tes for the  
tran sp o rte r.
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MATERIALS AND METHODS
M ale Sprague-D aw iey ra ts  (160-200 gm s) w ere ob ta ined  from  S im o n s e n  
Labs, Inc. (California) an d  w ere tested  according to  AALAL ap p ro v ed  
m e th o d s. ^h -D-Asparta te  (28 C i/m m o l)  w as o b ta in ed  from  N ew  E n g lan d  
N u c le a r (Boston, MA). A ll chem icals w ere o b ta ined  from  S igm a (St. L ouis, 
M O), except for D-DAP, L-DAP, D-DAB, and  L-DAB w h ich  w ere  g iven  to  th e  
lab by Professor Peter N u n n  (K ing's College). BM AA w as p u rch ased  fro m  
C am bridge  R esearch  Biochem icals, Ltd. (England). L iqu iscin t w as o b ta in ed  
fro m  N a tio n a l D iagnostics (A tlanta , Georgia). BCA P ro te in  A ssay R eagen ts 
w ere  o b ta in ed  from  Pierce (Rockford, Illinois). Ficoll w as u sed  from  Lot 
34H7100. W h atm an  G F /F  filters w ere used .
Synaptosom al Preparation. Synaptosom es w ere  p rep a red  as 
described  by B ooth an d  C lark u sin g  a F icoU /sucrose g rad ien t c o n fig u ra tio n  
(B ooth an d  C lark, 1978). Tw o m ale Sprague-D aw iey ra ts  (160-200 gm s) w ere  
decap ita ted , the ir fo rebrains w ere rap id ly  rem o v ed , an d  the b ra in  tissue  w as 
p laced  in  app rox im ate ly  20 m is of h o m o g en iza tio n  buffer (0.32 m M  sucrose 
a n d  10 m M  Tris-acetate, p H  7.4). The buffer w as decan ted  an d  15 m is  of fre sh  
h o m o g en iza tio n  buffer w ere ad d ed . The b ra in  tissue w as th en  c u t in to  sm a ll 
p ieces w ith  scissors, h o m o g en ized  in  a 15 m l W h ea to n  G lass/G lass 
H o m o g en ize r  (12 strokes), an d  su sp en d ed  in  ap p rox im ate ly  40 m is  o f 
h o m o g e n iz a tio n  buffer. A fter being  cen trifuged  for 3 m in u te s  a t 3,700 R PM
20
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(1,636 X ^  ), the su p ern a tan t w as collected an d  re-cen trifuged  for 10 m in u te s  at 
13,700 RPM  (22,433 x g). The su p e rn a tan t w as th en  decan ted  a n d  th e  
re m a in in g  m em b ran e  m ateria l su sp en d ed  in  10 m is of 12% Ficoll. T h is  
m ix tu re  w as hom ogen ized  in  a 10 m l B. B raun M elsu n g en  AG H o m o g e n iz e r  
a n d  u sed  to  form  the  bo ttom  layer of a d iscon tinuous grad ien t. 10 m is  o f 7.5% 
Ficoll w as th en  gently  layered  on to  the hom ogenate . F inally , a th ird  layer 
consisting  of 10 m is o f h o m o g en iza tio n  buffer w as added. The g rad ien t w as 
cen trifu g ed  for 30 m in u tes  at 27,800 RPM  (138,957 x g). U sing  a P asteu r 
p ip e tte , the  synaptosom e layer, w hich  h ad  fo rm ed  b etw een  th e  12% an d  7.5% 
Ficoll layers, w as rem o v ed , hom ogen ized  in  10 m is o f h o m o g e n iz a tio n  
bu ffer, a n d  resu sp en d ed  to  approxim ately  25 m is. Follow ing  c e n tr ifu g a tio n  
for 20 m in u tes  a t 19,000 RPM (43,146 x ^  ), the su p e rn a tan t w as decan ted , th e  
tu b e  w as  d ried  w ith  a K im w ipe, and  the rem ain in g  pe lle t w eighed . The w e t 
w e ig h t of the  pelle t (mg) w as d iv ided  by  5 an d  m u ltip lied  by 1 m l/m g  to  g ive 
a re su sp e n s io n  v o lu m e for up take  assays w hile  the  m g pelle t w e ig h t w as 
d iv id e d  by  27 an d  m u ltip lied  by 1 m l/m g  to  give a re su sp en s io n  v o lu m e  for 
exchange assays. The pelle t w as th en  hom ogen ized  in  a 15 m l W h e a to n  
H o m o g en ize r an d  su sp en d ed  in  the app rop ria te  v o lu m e of H E P E S /C on tro l 
Buffer (10 m M  D -glucose, 128.5 m M  N aCl, 5 m M  KCl, 1.5 m M  N aH 2 P 0 4 , 1
m M  M gS 0 4 , 10 m M  Tris, 1 m M  CaCl2, 50 m M  HEPES), p H  of 7.4. A t th is
p o in t in  b o th  u p tak e  an d  exchange assays, an  a liquo t (=1 m l) of th e  
su sp e n s io n  w as  rem oved  for subsequen t p ro te in  analysis.
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Synaptosom al Screening and Kinetics. The u p ta k e  of ^h -d -
asp arta te  w as quan tified  using  the m e th o d  of K uhar an d  Z arb in  (K uhar a n d  
Z arb in , 1987) as described  by  Bridges (Bridges, et.aL, 1991). S ynap tosom es w ere  
p rep a red , su sp en d ed  in  H E PE S /C ontro l Buffer, a n d  sto red  o n  ice as
p rev io u sly  described. A ll buffers w ere bubbled  u n d e r  N 2  gas for 15 m in u te s
p rio r  to  being  u sed  in  assays. A liquots (100 pL) of th e  su sp e n d ed  
syn ap to so m es w ere  p ipe tted  in to  ice cold test tubes (16 x 125 m m ). F o llo w in g
a 5 m in u te  tem p era tu re  p re incubation  a t 25° C, the assay w as in itia ted  by 
a d d in g  a 100 |iL  aliquo t con tain ing  ^H -D -aspartate (2.5 pM , = 125,000 cpm )
w ith  p o ten tia l inh ib ito rs in  H E PE S /C ontro l Buffer, also  p re in cu b a ted  to  25° C.
The reac tio n  w as a llow ed to  proceed for 2 m inu tes, after w h ich  5 m is of ice 
cold  H E P E S /C ontro l Buffer w ere added  to the test tubes to  stop  th e  reaction . 
T he so lu tions w ere  rap id ly  filte red  (W hatm an G F /F  filters 2.5 cm ) an d  r in se d  
w ith  an  ad d itio n a l 5 m is of H E PE S/C ontro l Buffer. The filters w ere  d ried  fo r 
2 m in u te s , placed in to  sc in tilla tion  vials, a n d  su bm erged  in  4 m is of 
sc in tilla tio n  flu id  (Liquiscint, N ational D iagnostics). R ad ioactiv ity  re ta in e d  
o n  th e  filter w as quan tified  in  a Beckm an LS6500. A ll va lu es rep o rted  h a v e  
b een  corrected  for backg round  an d  non-specific up take , as d e te rm in ed  by 
fo llo w in g  u p tak e  a t 4°C. L inew eaver-B urk  p lo ts  an d  associated  k in e tic
ana lysis  o f the  tran sp o rt inh ib ito rs  w ere carried  o u t using  k#cat k in e tic  
p ro g ra m  (B iom etallics Inc.) w ith  w eigh ting  based o n  constan t re la tiv e  e rro r.
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K l v a lu es  w ere  estim ated  o n  the  basis of a rep lo t of K ^ , ap p  values.
Synaptosotnul Exchange. Synaptosom es w ere  lo ad ed  w ith  ^h -D - 
asp arta te  essen tially  as described above, (V tot 10 m l, 1 m g /m l, 15 m in u te s  a t 
25° C). A fter re iso la ting  the synap tosom es by cen trifugation , the  pe lle t w as 
r in se d  a n d  resu sp en d ed  in  H E PE S/C ontro l Buffer (e.g., 2 m g  w e t p e lle t 
w t./m l)  a t 4° C. A t th is  p o in t in  tim e an d  th ro u g h o u t the  assay, a liq u o ts  w ere
re m o v e d  to  quantify  the synap tosom al con ten t of ^H -D -aspartate. T h e  
exchange process w as in itia ted  b y  ad d in g  100 pi o f th is su spension  to  2.9 m is of 
H E P E S /C on tro l Buffer con tain ing  variable am o u n ts  of am in o  acids in  th e  
absence an d  presence of added  bicarbonate. The sam ples w ere  a llow ed  to  
in cu b ate  for 2 m in u te s  at 37° C, after w h ich  they  w ere  rap id ly  filte red  
(W h a tm an  G F /F  2.5 cm ), an d  th en  rinsed  tw ice w ith  4 m l a liquo ts  o f cold 
H E P E S /C on tro l Buffer. The rad ioactiv ity  rem a in in g  in  the  sy n ap to so m es 
re ta in ed  o n  the  filter w as quan tified  by liqu id  sc in tilla tio n  co u n tin g  as 
p rev io u sly  described.
Bicinchoninic Acid (BCA) Protein Assay, T he Pierce BCA 
P ro te in  A ssay  w as used  to  determ ine the p ro te in  con ten ts in  all ex p e rim en ts . 
T his assay w as  chosen  because of its to lerance for h ig h  lip id  co n cen tra tio n s . 
S tan d a rd  cu rves w ere  p rep ared  w ith  BSA (Sigm a) a n d  assays carried  o u t as 
described  by S m ith  (Sm ith, et.al., 1985). S p ec tro p h o to m etric  m e a s u re m e n ts
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w ere  m ad e  o n  a Beckm an D U  650. S tandards ran g ed  from  co n cen tra tio n s  o f 
0-5.5 m g /m l  (0-15 m g/m l*)^ contained  100 jil o f H E P E S /C on tro l Buffer (50 m-P), 
an d  w ere  sp en d ed  to  200 |d  v o lu m es w ith  n a n o p u re  w ater. (*These v a lu e s  
w ere  u sed  w h en  synap tosom al sam ples p rep ared  for exchange assays w ere  
b e in g  m easured .)
Stutisticul Atiulysis, Statistical analysis w as carred  o u t w ith  th e  
In S ta t Softw are (G raph  Pad Softw are). G roups w ere  com pared  a n d  p  v a lu e s  
(tw o ta iled) calculated  u sin g  an  a lternate  W elch t  test w ith  u n p a ire d  v a lu e s . 
T he A lte rn a te  W elch t test is com parable to  a s tu d e n t t  test in  w h ich  th e  
G au ss ian  p o p u la tio n  of the tw o  g roups have u n eq u a l S.D.
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RESULTS
Effects o f so d iu m  bicarbonate o n  th e  p H  of co n tro l b u ffe r a n d  HEPES co n tro l 
buffer.
T he overa ll goal of th is pro ject w as to investiga te  the  ab ility  of carbam ates to  
in h ib it a n d  serve as substra tes of the g lu tam ate  u p ta k e  system . P rio r to  
assessing  the  activity  o f carbam ates to block u p tak e , co n d itio n s co n d u c iv e  to  
b o th  carbam ate  fo rm ation  an d  tran sp o rt ability  w ere  iden tified . The s ta n d a rd  
co n tro l buffer u sed  for tran sp o rt assays h ad  a p H  o f 7.4 a n d  con ta ined  D- 
glucose, so d iu m  chloride, p o tassiu m  ch loride , so d iu m  p h o sp h a te  
(m onobasic), m ag n esiu m  sulfate, tris, an d  calcium  ch lo ride  (an h y d ro u s) as 
d escrib ed  in  th e  m ateria ls  an d  m ethods. H ow ever; to  exam ine th e  activ ity  o f 
carbam ates as p o ten tia l in h ib ito rs  of the tran sp o rt system , the  assays n eed ed
to  b e  ca rried  o u t in  the presence o f added  NaHCOg. Table 1 show s the  effects
o f a d d e d  NaHCOg (10, 25, an d  50 m M ) o n  the  p H  of con tro l buffer. Increases
in  p H  w ere  observed  a t each  NaHCOg concen tra tion , p a rticu larly  a t th e  
physio log ica l re le v an t level of 25 m M . To av o id  the  in te rp re ta tio n a l
com plica tions associated  w ith  such  p H  changes, 50 m M  HEPES w as in c lu d e d  
in  th e  con tro l bu ffer to  increase buffer capacity. A s sh o w n  in  Table 1, th e  pH  
o f H E P E S /C on tro l Buffer w as m a in ta in ed  close to  7.4 for NaH CO g 
co n cen tra tio n s o f u p  to 50 mM .
25
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U p tak e  o f ^H -D -A spartate in to  ra t fo reb ra in  sy n ap to so m es in  H E P E S /C on tro l 
B u ffe r an d  sa tu ra ted  HEPES contro l b u ffe r.
In  a d d itio n  to  m a in ta in in g  pH , it w as also im p o rta n t to  e n su re  th a t th e  50 
m M  H E P E S /C on tro l Buffer w as as free as possible of carbon  d iox ide p rio r  to  
the  p re p a ra tio n  o f d ru g  so lu tions. T hus, n itro g en  gas w as bubb led  th ro u g h  
the  H E P E S /C on tro l Buffer to  p ro v id e  a carbonate free so lu tion . U p o n  d o in g  
so, it  also  w as  necessary  to  ensu re  th a t the H E PE S /C ontro l Buffer, by itself, o r
w ith  N 2  sa tu ra tio n  d id  n o t affect synap tosom al tran sp o rte r  activ ity . T h u s , 
u p ta k e  assays w ere  carried  o u t w ith  each of the buffer conditions. The re su lts , 
w h ich  are  depicted  in  Table 2, verify  th a t n e ith er the  HEPES n o r N 2  
sa tu ra tio n  significantly  (P>0.05) altered  the up take  ra tes of ^H -D -A spartate (5 
|jM ) in to  r a t  fo reb ra in  synaptosom es. In  v iew  of these resu lts, it  w as decided  
th a t N 2  sa tu ra ted  H E PE S /C ontro l Buffer w as to  be u sed  in  all su b seq u en t 
ex p e rim en ts .
g
Effects o f b icarbonate  co n cen tra tio n s on  u p tak e  of H -D -asparta te  in to  ra t 
fo re b ra in  synap tosom es.
P rio r to  assessing  the  action of carbam ate fo rm ing  am ino  acids o n  th e  ac tiv ity  
o f th e  g lu tam a te  tran sp o rte r, ex p erim en ts  w ere first carried  o u t to  e v a lu a te
th e  p o ten tia l effect o f NaHCOg itself. Table 3 show s th a t abou t 10% in h ib i t io n  
w as  o b se rv ed  at the  h igh  concen tra tions of N aH CO g (20 an d  25 m M ). A s 20
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m M  ap p ro x im ates  the physio logical co n cen tra tio n  of N aH C O g, it w as  ch o sen  
fo r th e  su b seq u en t experim ents.
U p tak e  o f H -D -asparta te  by syn ap to so m es in  th e  so lu tio n s  co n ta in in g  
v a r io u s  a m in o  a d d s  in  th e  presence an d  absence o f so d iu m  b icarbonate  (20 
m M ).
A  series of am in o  acids w ere  chosen  o n  the  basis of p rev io u sly  re p o rted  
excitotoxic activ ity  an d  s tru c tu ra l s im ila rities of th e ir  co rre sp o n d in g  
carbam ates to  g lu tam ate. These co m pounds w ere  in itia lly  tes ted  for th e ir
3
ability  to  in h ib it the u p tak e  of H -D -aspartate (5 ^iM) a t a co n cen tra tio n  o f 1 
m M  in  the  presence an d  absence of NaHCOg (20 m M ). T hose c o m p o u n d s  
w h ich  p ro d u ced  a significant level of in h ib itio n  w ere  also  ev a lu a ted  a t 100 
(xM. T he resu lts  of these experim ents are sh o w n  in  Table 4. In  the  absence o f
ad d e d  NaHCOg, L-BMAA prod u ced  only  abou t 10% red u c tio n  in  th e  u p ta k e
of ^H -D -aspartate. W h en  NaHCOg w as added  w ith  BM AA, the  ra te  o f
tran sp o rt w as  red u ced  b y  ano ther 10%, com parable to w h a t is p ro d u ced  by th e
a d d itio n  o f N aH CO g alone. These resu lts  indicate th a t BM AA is a v e ry  w eak
in h ib ito r  o f the h ig h  affin ity  Na* -d ep en d en t u p tak e  system  a n d  th a t its  
co rresp o n d in g  carbam ate is inactive. In  contrast, L-DAP in h ib ited  tra n sp o r t
3
activ ity  in  b o th  the  absence an d  presence of ad d ed  NaHCOg. Indeed , H-D- 
a sp arta te  u p tak e  w as to tally  b locked by 1000 pM  L-DAP/+NaHCOg an d  
in h ib ite d  83% at 100 |xM L-DAP/+NaHCOg. In  th is regard , L-DAP carbam ate
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ap p ea red  to be one of the  m ost p o ten t in h ib ito rs  id en tified  in  th ese  assays. 
S tu d ies  w ith  D-DAP allow ed  the stereoselectiv ity  of th is  ac tiv ity  to  be 
ev a lu a ted . W hile  a t com parable doses, b o th  in  th e  absence a n d  p resence  o f 
N aH C O g, th e  D -en an tio m er w as considerably  less p o ten t th e n  L-DAP; so m e  
in h ib itio n  w as observed . T hus, the increased  in h ib itio n  p ro d u ced  by th e  
in c lu s io n  o f NaH CO g w ith  D-DAP (89 to  38%), suggested  th a t th e  D- 
e n a n tio m e r  of the  co rrespond ing  carbam ate can be accom m odated  in  th e  
tran sp o rte r  b in d in g  site. This is n o t a surp rise , as  D -asparta te  is a k n o w n  to  be 
an  excellen t substra te .
L- an d  D-DAB are the one carbon  hom ologues o f L an d  D-DAP. W h e n  
ad d e d  a lone, L- a n d  D-DAB d id  n o t significantly  (P>0.05) in h ib it the  u p ta k e
sy stem  a t 1 m M . H ow ever; in  the presence of N aH CO g, a sm all degree of 
in h ib itio n  w as observed  w ith  L and  D-DAB, 18% an d  15% respective ly , 
a lth o u g h  th e  v a lu es  w ere  n o t statistically significant (P>0.05). This level of 
in h ib itio n  w as d ifficult to d is tin g u ish  from  the in h ib itio n  p ro d u ced  by 
N aH C O g alone. The loss of activity  observed  w ith  these increases in  carbon
backbone len g th  is consisten t w ith  the loss of activ ity  o bserved  in  
ex p e rim en ts  com paring  g lu tam ate  to a-am ino  ad ip ic  acid , w h ich  is inactive as 
a n  in h ib ito r.
T he am in o  a d d  L-cysteine w as also inc luded  in  these tests, as it h a s  
exh ib ited  C 0 2 -d ep en d en t excitotoxicicity (O lney, et.al., 1990). W hile  th e  
in h ib itio n  p ro d u ced  b y  cysteine w as n o t th a t large {i.e., 18% a t 1000 pM ), it d id
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
2 9
a p p e a r  to  increase u p o n  the ad d itio n  of NaHCOg (i.e., 42% a t 1000 |iM ). O nce 
ag a in  th is  10% difference is m ost likely attribu tab le to  N aH CO g. In  e v a lu a tin g  
th e  ac tions of cysteine, it  is im p o rta n t to  take in to  co n s id era tio n  its  possib le 
o x id a tio n  to  cystine, a dicarboxylic com pound  th a t m ore closely resem bles th e  
s tru c tu re  o f glutam ate- U p take experim ents exam in ing  th e  effect o f 100 L- 
cystine (data n o t in c lu d ed  in  Table 4) d em o n stra ted  th a t it  in h ib its  tra n sp o r t
3of H -D -asparta te  (5 jiM) in  ra t b ra in  synap tosom es by ab o u t 49%. In  lig h t of 
th is  fin d in g , i t  is d ifficult to  reso lve any  in h ib itio n  observed  w ith  L-cysteine 
(in  th e  p resence o r absence of NaHCOg) from  th a t w h ich  m ig h t be a ttr ib u tab le
to  L-cystine. R eplacing the  SH g roup  o f cysteine w ith  an  O H  m oiety  y ie lds th e  
am in o  acid serine. As sh o w n  in  Table 4, L-serine w as also a v ery  w eak  
in h ib ito r in  e ither the presence o r absence o f ad d e d  NaHCOg.
K in etic  an a ly sis  o f co m pounds d em o n stra tin g  in h ib itio n .
T he am in o  acids an d  th e ir respective carbam ates th a t w ere  id en tified  as 
in h ib ito rs  in  the in itia l assays w ere kinetically  analyzed  in  g reater detail. 
L in ew eav er-B u rk  p lo ts  are sh o w n  for the in h ib itio n  p ro d u ced  by D-
D A Py+N aH CO g, L-DAP, an d  L-D A P/+N aH C O g (Figure 4, 5, an d  6). A ll th re e
o f these  co m p o u n d s p ro d u ced  p a tte rn s  consisten t w ith  com petitive  in h ib ito rs
(i.e., change in  K ^,app  w ith  n o  change in  v a lu es w ere  e s tim a ted  by
rep lo ttin g  K ^,app  v a lu es  d e te rm in ed  in  th e  L inew eaver-B urk  p lo ts  v s. 
in h ib ito r  concen trations. The rep lo ts  are sh o w n  as in se ts  w ith in  F igures 4-6.
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T he Kj; v a lu e  sh o w n  in  the  F igures are rep re sen ta tiv e  o f th a t in d iv id u a l  
ex p erim en t, w hile  a su m m ary  of all of the  k inetic  d a ta  is rep o rted  in  Table 5. 
L-D A P yields a K^,app of 171 pM in  the absence o f ad d e d  NaHCOg. The Kj.,app 
d ec reased  b y  50-fold {e.g., 3.4±1 nM) w h en  N aH CO g w as in c lu d ed  in  th e  assay. 
T h is v a lu e  is  qu ite  sim ilar to  the K j value  d e te rm in ed  fo r the e n d o g e n o u s  
su b s tra te  L -g lu tam ate (4.9±2.6), iden tify ing  the  carbam ate as a p o ten t inhib itor. 
A lth o u g h  D-DAP w as m u ch  less p o ten t th an  L-DAP, a d ram atic  decrease in  
th e  a p p a re n t Kj. as also observed  in  the  presence of ad d ed  N aH CO g {e.g., 1000 
nM  to  268 nM). It sh o u ld  also be k ep t in  m in d  th a t the  K j,ap p  v a lu es  re p o rted  
in  Table 5 fo r the carbam ates are overes tim atio n s, as they  are based  on  th e  
to ta l am in o  acid  concen tra tion  an d  n o t th a t fraction  of the  am in o  acid th a t is 
in  carbam ate  form . T hus, in  the instance of BM AA, N M R  stu d ies  suggest a 
m ore  ap p ro p ria te  v a lu e  w o u ld  be 26% of the value rep o rted  in  T able 5 ( N u n n  
an d  O 'B rien , 1989). In  ligh t of these corrections, L -D A P/+N aH C O g ap p ears  to  
be  a v e ry  p o te n t inhib itor.
3 •E xodus o f H -D -asparta te  from  synap tosom es in  the p resen ce  o f a m in o  acids 
an d  carbam ates.
In  a d d itio n  to  de term in ing  if carbam ates could  in h ib it the h ig h -a ffin ity  
N a^ -d ep en d en t tran sp o rte r, w e also w an ted  to  assess w h e th e r  o r  n o t  
carbam ates could  also serve as substrates. W hile  th is  cou ld  be acco m p lish ed  
w ith  rad io labeled  co m p o u n d s, expense an d  availab ility  m ad e  th is  ap p ro ac h
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p ro h ib itiv e . A s an  a lte rna tive , w e h av e  found  th a t he te ro ex ch an g e  can  be 
u se d  to  iden tify  p o ten tia l substrates. P rev ious s tu d ies  w ith  sy n ap to so m es  
h av e  d em o n stra ted  th a t the  ad d itio n  of an  ex ternal substra te  can  s tim u la te  
the  ra te  o f exodus of an o th er substra te  (radiolabeled) p rev io u sly  lo ad ed  in to  
the  synap tosom es. In  o rd er for a com pound  to  s tim ula te  th e  ra te  o f exodus, it  
m u s t b e  able to  exchange w ith  an  in ternal co m p o u n d  a n d  therefo re  m u s t a lso  
be a substra te . T hus, a series of am ino  acid an d  am ino  acid  carbam ates w ere
tested  to  d e te rm in e  if they  alter th e  rate of exodus o f H -D -asparta te  
p rev io u sly  lo ad ed  in to  synaptosom es.
T echnically  these experim en ts are  m ore d ifficult as they  are  co m p rised
3
of tw o  phases. F irst synap tosom es need  to  filled w ith  H -D -asparta te  (2.5 jxM,
15 m in u tes , 25“ C), reiso lated , and  th en  assayed for ra tes of exodus. To a ssu re  
th a t ap p ro p ria te  com parisons are m ade, the synap tosom es m u st b e  filled w ith
sim ila r am o u n ts  of H -D -aspartate as in te rn a l levels cou ld  be easily
en v is io n ed  to  effect ra tes of exodus. In  the p reced ing  experim en ts  th e  level of
3
H -D -asparta te  in  the loaded  synap tosom es w as 1485+44 (m ean±SEM , n=19) 
p m o l/m g  pro tein . E xperim ents th a t fell w ell ou tside  of a set range (1100-1750
3p m o l/m g  p ro te in ) w ere  n o t inc luded . The exodus of H -D -asparta te  w as
fo llow ed  at 37“ C. Im portan tly , little o r no exodus w as observed  d u rin g  th e  
course  o f in d iv id u a l assays if the  synap tosom es w ere m a in ta in ed  a t 4“ C. 
C o n tro l v a lu es  rep o rted  in  Table 6 rep resen t the exodus of H -D -asparta te  
fro m  th e  synap tosom es a t 37“ C in  the absence of ex ternal am in o  acids. Data
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3
in  F igu res 7 an d  8 illu stra tes the  tim e course of the  ex o d u s of H -D -asparta te
3
from  the  synaptosom es. V alues are rep o rted  as % of the  in itia l H -D -asp a rta te
co n ten t of th e  synaptosom es. In  the absence of ad d ed  co m p o u n d , (C on tro l
cu rv es . F igures 7 an d  8) only  abou t 10% of the  ^H -D -aspartate in  th e
sy n ap to so m es w as released  in to  the m edia  d u rin g  the tim e course o f th e  
ex p erim en t. H ow ever; w h en  10 jrM L -glu tam ate w as p re sen t in  th e  assay
buffer, the  level of exodus increased  to abou t 50% of the  lo ad ed  ^H-D- 
a sp a rta te  rem ain in g  in  the synaptosom es. This tim e course d em o n stra te s  th e  
p rocess o f heteroexchange, as g lu tam ate  acts as a substra te  of the  tra n sp o rte r
3a n d  is exchanged for the  H -D -aspartate in  the  synap tosom es. A  d iffe ren t 
re su lt is fo u n d  w h en  DHK, a n o n tran sp o rtab le  in h ib ito r, is in c lu d ed  in  th e  
assay  buffer. In  con trast to  g lu tam ate, the ra te  o f exodus d o es n o t change from  
con tro l va lues. F u rth e rm o re , w h en  DHK w as in c lu d ed  in  the  assay w ith  
g lu tam a te , the ra te  of exodus w as n o t s tim u la ted  b ey o n d  con tro l v a lu e s , 
co n sisten t w ith  DH K  b in d in g  to the tran sp o rte r an d  p rev e n tin g  g lu ta m a te  
exchange.
F igure  8 show s the  resu lts  of heteroexchange assays w ith  L-DAP an d  L-
3
D A P /+ N aH C 0 3 . The synap tosom al con ten t of H -D -asparta te  w as 
d e te rm in ed  1, 2, 4, an d  6 m in u te  after the  ad d itio n  of th e  p o ten tia l su b stra tes  
(10 pM  L-DAP, 10 iiM  L-DAPy+NaHCOg, a n d  10 nM  L -D A P /+ N aH C 0 3 /D H K ).
L-D A P y+N aH C O s d isp layed  a sim ilar p a tte rn  to  th a t o f g lu tam ate , suggesting
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th a t th e  carbam ate is also a substrate. W hen  the N aH C O g w a s  n o t in c lu d ed  in
th e  assay , the  exodus of ^H -D -aspartate re tu rn ed  to  con tro l levels. S im ilar to
its  effect o n  g lu tam ate , DHK inh ib ited  the DAPZ+NaHCOg s tim u la tio n  o f ^H-
D -asparta te  exodus. It sh o u ld  also be no ted  th a t so lu tio n s of N aH CO g a lo n e  
d id  n o t s tim u la te  exchange a n d  p ro d u ced  d a ta  resem bling  contro l values.
T able 6 sum m arizes th e  ability o f a n u m b er of am ino  ac ids to  s tim u la te
3th e  efflux o f H -D -asparta te  from  the synaptosom es. The d a ta  are  rep o rted  as 
% control±SEM  as d e te rm in ed  at 2 m inu tes. L -G lu tam ate a n d  L-
D A P /+ N aH C O g  w ere th e  on ly  com pounds tested  u n d e r  these  co n d itio n s th a t
3sign ifican tly  (P<0.01) increased  the exodus of H -D -asparta te  f ro m
synap tosom es. A s w as observed  in  the tim e course ex p erim en t, in c lu d in g  
D H K  w ith  the co m p o u n d s significantly  (P<0.01) reduced  the  level o f 
exchange. It is im p o rta n t to  no te th a t d irect com parisons of p o te n tia l 
su b stra tes  at sim ilar concen trations, (Table 6) fail to  take in to  acco u n t 
v a ria tio n s  in  b in d in g  affinities. For exam ple, a com p o u n d  m ay  be a substra te , 
b u t w o u ld  n o t exchange because its concen tra tion  is in su ffic ien t to  p ro d u ce  
th e  necessary  level of b ind ing . T hus, to  study  the co m p o u n d s o n  a m o re  
eq u a l b asis, each w as ad d ed  to  assays a t substra te  concentrations eq u a l to ab o u t
3X its  K j  v a lu e  (Table 7). S tud ied  in  th is  m an n er, the ad d itio n  o f 500 nM  L- 
D A P s tim u la ted  the  exodus of H -D -aspartate sim ilar to  th a t p ro d u ced  by 10 
(xM L-D A P in  the presence of NaHCOg. S tudies w ith  increased  a m o u n ts  of D-
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D A P /+ N aH C 0 3  (800 fxM) also d em o n stra ted  th a t it  co u ld  p artic ip a te  in  
heteroexchange. T aken  toge ther these resu lts  inc lude  th a t b o th  th e  L an d  D 
carbam ates of D A P are substra tes of the h igh-affin ity  Na^ -d e p e n d e n t 
g lu ta m a te  tran sp o rte r.
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T able 1. Effect of A dded  NaHCOg o n  th e  p H  o f C o n tro l B uffer an d  
H E PE S /C ontro l B uffer.
N aH CO g 50 m M  HEPES
C o n c e n tra tio n V ol. T e m p e ra tu re C on tro l Buffer C o n tro l Buffer
(m M ) (m is) CC) p H p H
0 50 20±1 7.37+0.06 (4) 7.36+0.08 (4)
10 50 20±1 7.51±0.06 (4) 7.38±0.08 (4)
25 50 20+1 7.64+0.07 (4) 7.41+0.07 (4)
50 50 20+1 7.77±0.09 (4) 7.45±0.05 (4)
T he concen tra tions of so d iu m  bicarbonate listed  w ere  ev a lu a ted  fo r the  effects 
of p H  o n  contro l buffer w ith  an d  w ith o u t 50 m M  HEPES. V alues rep o rted  
rep re se n t th e  mean+S.D. (n= num ber o f tim es experim en t w as perfo rm ed).
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T ab le  2. E ffect o f H EPES/C ontrol B uffer and  Ng on  th e  R ate  o f  S ynap tosom al 
U p tak e  o f ^H -D -A spartate.
C o n tro l Buffer
U ptake Rate of ^H -D -A spartate (5mM ) 
% o f C on tro l
C o n tro l Buffer alone 100±7 (4)
HEPES (50 mM ) 111±8 (3)
N 2  sa tu ra ted  HEPES (50 m M ) 108±14 (4)
The bu ffe rs  w ere  screened  for effects on  the u p tak e  of H -D -asparta te  in to  ra t 
fo reb ra in  synap tosom es. The contro l ra te  of sy n ap to so m al u p tak e  w as 
1.37±0.12 ru n o l/m in /m g . V alues w ere  corrected for b ack g ro u n d  a n d  leakage. 
D ata  is  p resen ted  as means±S.D. (n=num ber o f dup lica te  assays).
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T ab le  3. E ffect of NaHCOg on  S ynaptosom al U p take  of ^H -D -A spartate
NaH CO g 
C o n cen tra tio n  (m M )
--------------------:-------------3........................... ......
U ptake R ate o f H -D -A sp arta te  
(5nM )






V ary ing  con cen tra tio n s o f co m p o u n d s w ere analyzed  for effects o n  H -D - 
a sp a rta te  u p tak e  in to  fo rebra in  synaptosom es. The contro l ra te  of u p tak e  w as 
1.58±0.40 n m o l/m in /m g . R esults are sh o w n  as m eans±S.D . (n = n u m b er of 
d u p lica te  assays). Statistical com parisons w ere m ad e  as described in  M e th o d s  
(*P<0.05).
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T ab le  4. In h ib itio n  o f H -D -A spartate U ptake: S truc tu re  A ctiv ity  S tu d y  w ith  
C a rb am ate -F o rm in g  A m ino  A cids.
C o m p o u n d
(nM)
U ptake Rate of ^H -D -A spartate (5 mM ) 
% of C on tro l
A bsence o f NaHCOg 
(20m M )
Presence o f N aH CO g 
(20m M )
C o n tro l 100+2 (40) ** 90+2 (11)
L-BM AA (lOOOuM) *** 89±1 (5) *+ 79+2 (3)
(lOOpM) 93±6 (4) 81+8 (4)
L-DAP (IOOOmM ) *** 38+4 (3) +*+ 0±0 (3)
(lOOuM) 76±9 (4) ++* 17±2 (4)
D -D A P (lOOOpM) 79+2 (4) +++ 38±2 (6)
(lOOpM) *** 82±2 (5) 78±4 (9)
L-C ysteine (IOOOMM) * 72±7 (5) 58+8 (11)
(lOOuM) 90±8(4) 84±4 (10)
D -C ysteine (IOOOmM ) 96±9 (3) 86±2 (3)
L-DAB (IOOOmM ) 90+5 (3) 82+3 (3)
D-DAB (IOOOmM ) 96±7 (3) 85±6 (3)
L-Serine (IOOOmM ) 87+4 (3) 75±7 (3)
D -Serine (IOOOmM) 98±6 (3) 80±5 (3)
T he above co m p o u n d s are am ino  acids w h ich  can po ten tia lly  fo rm  
ca rb am ates  in  the  presence of bicarbonate. These am ino  acids w ere  tested  fo r
3th e ir  ab ility  to  in h ib it H -D -aspartate u p tak e  in to  fo reb ra in  sy n ap to so m es in  
th e  p resence  an d  absence o f added  20 m M  so d iu m  bicarbonate. T he av erag e  
con tro l ra te  of up take  w as 1.38±0 n m o l/m in /m g . The data are  rep o rted  as %
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o f th e  controLtSEM  (n= num ber o f dup licate  assays). C o m p ariso n s w ere  m a d e  
b e tw een  ex p erim en ta l p o in ts  an d  the ap p ro p ria te  con tro l v a lu es , i.e., in  th e  
absence (*) an d  presence (*) o f ad d ed  NaHCOg. Levels o f significance are  
d e n o te d  b y  ’̂ P<0.05, **P<0.01, '"**P<0.001.
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F igure  4. L inew eaver-B urk  P lo t o f th e  In h ib itio n  o f ^H -D -A spartate  U p tak e  b y  
D -D A P/+ N aH C O g (20 m M ).
1 / V o10
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C o m p etitiv e  in h ib itio n  of H -D -aspartate up take  in to  ra t fo re b ra in  
sy n ap to so m es by D -D A P /+ N aH C 0 3  illu s tra ted  in  a re p re se n ta tiv e  
L inew eaver-B urk  p lo t. A lso sh o w n  is a rep lo t of ap p  vs. D-
D A Py+N aH CO g. V alues o b ta ined  from  p lo ts are: =2.8 pM  (D -aspartate),
K j =313±65 nM , a n d  a V^g)^=2.2 n m o l/m in /m g  p ro te in . L in ew eav e r-B u rk  
p lo ts  a n d  associated  k inetic  analysis of the  tran sp o rt in h ib ito rs  w ere  carried  
o u t u s in g  k*cat k inetic  p ro g ram  (B iom etallics Inc.) w ith  w eig h tin g  based  o n  
co n s tan t re la tive  erro r. K j v a lu es  w ere estim ated  on  the basis of a rep lo t o f 
ap p  values.
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F ig u re  5. L inew eaver-B urk  P lo t o f th e  In h ib itio n  o f H -D -A sparta te  U p tak e  b y  
L-DAP.
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C o m p etitiv e  in h ib itio n  of H -D -aspartate u p tak e  in to  ra t fo reb ra in  
sy n ap to so m es by  L-DAP illu stra ted  in  a rep resen ta tiv e  L inew eaver-B urk  p lo t. 
A lso  sh o w n  is a rep lo t o f ap p  vs. L-DAP. V alues ob ta in ed  from  p lo ts  are: 
=3.3 |iM  (D -aspartate), K j =12Q±7 pM , an d  a =1.8 n m o l /m in /m g
p ro te in . L inew eaver-B urk  p lo ts an d  associated k inetic  analysis o f th e  
tra n sp o r t in h ib ito rs  w ere carried  o u t u sin g  k«cat k inetic  p ro g ra m  
(B iom etallics Inc.) w ith  w eig h tin g  b ased  o n  constan t re la tive  error. K j  v a lu e s  
w ere  es tim a ted  on  the basis of a rep lo t of K ^ , ap p  values.
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F ig u re  6. L inew eaver-B urk  P lo t o f th e  In h ib itio n  o f H -D -A sp arta te  U p tak e  b y  
L-D A FZ+N aH CO a (20 m M ).
1 / V o
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C o m p e titiv e  in h ib itio n  of H -D -aspartate u p tak e  in to  ra t fo re b ra in  
sy n ap to so m es by L -D A P/ +NaHCOa illu stra ted  in  a re p re se n ta tiv e  
L in ew eav er-B u rk  p lo t. A lso sh o w n  is a rep lo t o f ap p  vs. L-
D A P/n-N aH C O a. V alues ob ta ined  from  p lo ts are: =2.4 |iM  (D -aspartate),
K j =5.1+0.34 |iM , an d  a =2.4 n m o l /m in /m g  p ro te in . L in ew eav er-B u rk
p lo ts  a n d  associated k inetic analysis of th e  tran sp o rt in h ib ito rs  w ere  carried  
o u t u s in g  k«cat k inetic p ro g ram  (B iom etallics Inc.) w ith  w eig h tin g  based  o n  
co n s tan t re la tiv e  error. K j v a lu es  w ere estim ated  on  the  basis o f a rep lo t o f 
ap p  values.
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T ab le  5. S um m ary  o f K j V alues fo r th e  Id en tif ie d  T ra n sp o rt In h ib ito rs .
C o m p o u n d  (fiM)
C o m p etitiv e  In h ib itio n  o f 
^H -D -aspartate 
Ky V alues
D -A sparta te 2.83±0.39 (Km)




D -D A P Z+NaHCOg 268+23 (3)
DH K 28.710.5 (2)
The co m p o u n d s listed  w ere  m easu red  for degree of com petitive  in h ib itio n  o f 
^H -D -aspartate in to  synaptosom es. V alues are rep o rted  as K j  ±S.D. 
(n = n u m b e r o f dup licate  assays). *Value w as calculated fro m  screen ing  data  
u s in g  th e  M ichaelis-M enten  equation .
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F ig u re  7. T im e  C ourse of S u b stra te  S tim u la ted  E xodus o f H -D -A sp arta te fro m  
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A v erag e  ex ch an g e  values are show n as % of H -D -asp a rta te  re in a in in g  in  
sy n a p to so m e s  (load value=1505±58 (12) p m o l/m g  pro tein). L -G lu tam ate 's  
ab ility  to ac t as  a substra te  is blocked by  d ih y d ro k a in a te (DHK), a w eak  
in h ib ito r  o f th e  g lu tam ate  u p tak e  system .
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A v erag e  ex change values are show n as % of H -D -asparta te  rem ain in g  in  
sy n a p to so m e s  (load value=1505±58 (12) p m o l/m g  protein). The ab ility  of L- 
D A P /  + N aH C O g as a substra te  of the g lu tam ate tran sp o rte r can be seen.
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T ab le  6. S um m ary  o f S ynap tosom al ^H -D -A spartate E xodus R ates fo r a S eries
o f  T ra n sp o rt In h ib ito rs .
C o m p o u n d
C o n c en tra tio n
(nM) % of C on tro l
C o n tro l 100 (27)
DHK 500 64+11 (6 )
L -G lu tam a te 1 0 289±36 (11)
L -O lu tam a te / DHK 10/500 ++119±26 (4)
L-DAP 1 0 79±13 (4)
L -D A P /+ N aH C 0 3 1 0 ** 246±28 (8 )
L -D A Py+N aH C O g/D H K 10/500 77+14 (5)
D-DAP 1 0 89±9(3)
D -D A Py+N aH CO g 1 0 117±5 (3)
D -D A Py+N aH C O g/D H K 10/500 8 6 ± 6  (3)
N aH CO g 103±22 (12)
T he above co m p o u n d s w ere ev a lu a ted  as substra tes of the  g lu ta m a te
3tra n sp o rt system . Synaptosom es w ere loaded  w ith  1485+44 (19) p m o l/m g  H -
3
D -aspartate. The contro l ra te  of exodus of H -D -aspartate from  sy n ap to so m es 
w as  107±11(26) p m o l/m g /m in . D ata is p resen ted  as % of C ontro l± S E M  
(n = n u m b e r of dup lica te  assays). C om parisons w ere  m ad e  b e tw een  
ex p erim en ta l p o in ts  a n d  the  control va lue  (*). C o m p o u n d s in  the  p resence  of 
a d d e d  D H K  w ere com pared  w ith  corresponding  co m pounds in  the  absence of 
D H K  (*). Levels o f significance are deno ted  b y  *P<0.05, **P<0.01, ***P<0.001.
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T a b le  7. R elative  S ynap tosom al ^H -D -A spartate Exodus R ates fo r  a  S eries o f
T ra n sp o rt In h ib ito rs .
C o m p o u n d
C o n cen ­
tra tio n
(pM )
% of C on tro l
C o n tro l 100 (27)
L -G lu tam ate 4.9±2.6 (4) 1 0 289±36 (11)
DHK 28.7±0.5 (2) 1 0 0 61±20 (4)
L-DAP 171±15 (5) 500 * 249+51 (5)
L -D A P /+ N aH C 0 3 3.4±1 (5) 1 0 246±28 (8 )
D -D A P /+ N aH C 0 3  
N aH C 0 3
268±23 (3) 800 391±38 (4) 
103dt22 (12)
T he above co m p o u n d s w ere eva lua ted as substra tes of th e  g lu ta m a te
tra n sp o rt system  at concen tra tions of th ree tim es the  of th e  c o m p o u n d . 
S y n ap to so m es w ere  loaded  w ith  1505±58 (12) p m o l/m g  H -D -asparta te . T h e  
con tro l ra te  of exodus o f ^H -D -aspartate from  synap tosom es w as 107±11 (26) 
p m o l/m g /m in .  D ata is p resen ted  as % of Control±SEM  (n = n u m b er o f 
d u p lica te  assays). C om parisons w ere m ade betw een  ex p erim en ta l p o in ts  a n d  
th e  con tro l va lue  (*). Levels of significance are d en o ted  by *P<0.05, **P<0.01, 
♦**P<0.001.
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DISCUSSION
S tu d ie s  over the p as t 30 years h av e  id en tified  L -g lu tam ate as b o th  th e  
p r im a ry  excitatory  n e u ro tra n sm itte r  in  the m a m m a lia n  CN S a n d  a p o te n t 
n eu ro to x in . A s b o th  o f these  actions are  m ed ia ted  th ro u g h  EAA recep to rs, i t  
is  n o t su rp ris in g  th a t these  recep tors h av e  b een  th e  cen tra l figures in  m o s t  
in v e s tig a tio n  o f EAA physio logy  an d  pathology. H ow ever; it is im p o r ta n t to  
re m e m b er th a t a n u m b e r o f factors contro l the am o u n t of g lu tam ate  in  th e  
sy n ap tic  cleft an d  th a t the d is ru p tio n  of any  o n e  of these  p rocesses co u ld  
p o te n tia lly  co n trib u te  to  excitotoxic daumage. In  the  p resen t in v e s tig a tio n  w e 
h av e  ex am in ed  a n u m b e r  o f novel EAA excito toxins for th e ir  ab ility  to  
in h ib it a n d  serve as su b stra tes  of th e  h igh-affin ity  N a" -d ep en d en t g lu ta m a te  
tra n sp o rte r  system  in  ra t b ra in  synaptosom es. The p o ten tia l in te rac tio n s  o f 
these  co m p o u n d s  w ith  the  g lu tam ate  tran sp o rte r could  sign ifican tly  
in flu en ce  th e ir  ex d to to x ic  actions.
T he excito toxins in c lu d ed  in  the  p resen t s tu d y  (e.g., BM AA, L-cysteine, 
D A P, a n d  DAB) are u n u su a l in  th a t they  are p resu m ed  to  act as EAA recep to r
ag o n is ts  o n ly  in  th e  p resence  of NaH CO g, w h ere  they  can fo rm  carbam ates.
T h u s, w h ile  the  p a ren t co m p o u n d s are m onocarboxylic am in o  acids, th e  
re su lt in g  carbam ates co n ta in  a second carboxyl g ro u p  th a t m ak e  th e m  
s tru c tu ra lly  m ore  s im ila r to  g lu tam ate . The existence of the carbam ates, as 
w e ll as k in e tic  s tu d ies o f the ir fo rm ation , has b een  estab lished  in  a n u m b e r of 
s tu d ie s  (N u n n , et.al., 1987; Spencer, et.al., 1987; W eiss a n d  C hoi, 1988; W e iss ,
A Q
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et.al., 1989; O lney, e t.a l, 1990; Kisby e t.a l, 1992). T he m o st d e ta iled  s tu d ie s  
h a v e  b ee n  carried  w ith  BMAA, w here  N M R  spectra ind ica te  th a t a t 
physio log ica l concen tra tions of b icarbonate (25 m M ), carbam ate  fo rm a tio n  
m a y  b e  as m u ch  as 25% in  so lu tions o f BMAA (N u n n  a n d  O 'B rien, 1989).
T he fo rm a tio n  of a carbam ate by BM AA, a n d  its  resem blance  to  
g lu tam a te , h as  been  critical to e lucida ting  the neuro tox ic  p ro p ertie s  of th is  
co m p o u n d . BM AA is fo u n d  in  Cycas species, n a tiv e  p lan ts  w h ich  serve as a 
food  source to  peop le  o f G uam  (Vega an d  Bell, 1967; W eiss an d  C hoi, 1989a). 
C o n su m p tio n  of the  flour m ade from  th e  seeds o f these  p lan ts  h as  b een  
lin k e d  to  G uam  am yotroph ic  la teral sclerosis (A L S )-p ark in so n ism -d em en tia  
com plex  (PD) (N u n n , e t.a l, 1987). U sing  m u rin e  cortical cu ltu res, C hoi a n d  
h is  g ro u p  d em o n stra ted  th a t B M A A -m ediated toxicity w as b icarbonate- 
d ep en d en t. W h en  BM AA w as added  to the cu ltu res  in  the presence of 
b icarb o n ate  (10-12 m M ), it in d u ced  the neu ronal d eg en era tio n  w ith  an  IC 5 0  of 
ab o u t 1 m M  (24 h r  exposure) (W eiss, et.a l, 1989b). A s th is  excitotoxicity cou ld  
be a tte n u a te d  by D-AP5 (a com petitive  an tag o n is t o f N M D A  receptors) th e  
in v estig a to rs  concluded  th a t the tox in  w as acting at N M D A  recep to rs (W eiss, 
e t.a l, 1989b). A dd itiona l experim en ts d em o n stra ted  th a t chronic exposure  (1- 
3 day s) o f the  cu ltu res to m uch  low er concentrations of BMAA, also led  to  th e  
selective d am age of a su b g ro u p  of n eu ro n s k n o w n  to  be especially  v u ln e ra b le  
to  non-N M D A  agonists  (W eiss, et.a l, 1989b). Later s tu d ies  by  th is  sam e g ro u p  
d e m o n s tra te d  th a t in  electrophysio logical p rep ara tio n s, BM AA acted  as a n  
N M D A  ag o n ist in  the presence of b icarbonate (W eiss, e t.a l, 1989a). T o g e th e r
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w ith  su b seq u en t N M R stu d ies  o n  carbam ate fo rm ation , these  fin d in g s su g g est 
th a t th e  carbam ate fo rm ed  by BM AA is the  active agen t in  the  excitotoxicy 
m e d ia te d  b y  th is am ino  acid.
S im ilar s tu d ies  have  also been  carried  o u t w ith  L-cysteine, a c o m m o n  
su lfu r-c o n ta in in g  am in o  acid fo u n d  in  all cells (O lney, et.al., 1990). Like 
BM AA, the  a d m in is tra tio n  of b icarbonate in  co m b in a tio n  w ith  L-cysteine 
d ram atica lly  en h an ced  its toxic actions w ith in  an  em bryon ic  chick re tin a  
p re p a ra tio n  (O lney, et.al., 1990). Increasing  the  co n cen tra tio n  of b icarbonate  
p re se n t in  th e  re tin a l m ed ia  from  4 to  24 m M , decreased  the co n cen tra tio n  o f 
L -cysteine necessary  to  induce significant dam age from  >1 m M  to  ab o u t 200 
pM  (O lney, et.al., 1990). C onsisten t w ith  an  action a t N M D A  recep tors, th e  
toxicity  in d u ced  a t low  concen tra tions of L -cyste ine/b icarbonate  w as 
a tte n u a te d  by the ad d itio n  e ither D-AP5 or MK-801 (Olney, et.al., 1990). 
H ig h e r co n cen tra tio n  of L-cysteine (> 2mM ) appeared  to  exhib it som e cross 
reac tiv ity  w ith  the non-N M D A  receptors (O lney, et.al., 1990). In  re la ted  
e x p e rim en ts  w ith  n eo n a ta l rats, subcu taneous in jections o f L-cysteine 
p ro d u ce d  n eu ro n al dam age in  several b ra in  reg ions th a t cou ld  b e  p ro tec ted  by 
p re - tre a tm e n t w ith  MK-801 (Olney, et.al., 1990). A nalogous to BM AA, th is  
ev id en ce  ind icates th a t the  excitotoxic actions o f L-cysteine are m o st likely  
a ttr ib u tab le  to  its carbam ate.
In  the  p resen t project, w e have  fu rth e r in v estig a ted  th e  p o te n tia l 
ac tio n s o f BM AA, cysteine, an d  the ir respective carbam ates, w ith in  the  EA A  
sy stem  by assessing  the ir ability  to in h ib it the  h ig h  affin ity  g lu ta m a te
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tran sp o rte r. W e found  th a t a t concentrations as  h ig h  as 1 m M , BM AA a n d  L- 
cysteine, in  the  presence o r absence of NaH CO g, p ro d u ced  little  if any
in h ib itio n  in  the  up take  of ^ -D -a s p a r ta te  by ra t fo reb ra in  sy n ap to so m es.
Im p o rtan tly , the  fin d in g  th a t these co m pounds d o  n o t b in d  to  the  tra n sp o rte r , 
in d ica tes  th a t BM AA a n d  L-cysteine are n o t substra tes o f the u p tak e  system . 
C o n seq u en tly , these  excitotoxic co m p o u n d s can n o t be rap id ly  cleared  f ro m  
th e  synap tic  cleft by th is  system , as occurs w ith  substra tes such  as g lu tam a te . 
F u rth e rm o re , o u r d em o n stra tio n  th a t cystine is a sign ifican tly  m ore  p o te n t
3
in h ib ito r  o f H -D -aspartate up take  th an  cysteine, ra ises th e  q u es tio n  as to
w h e th e r  o r n o t any  of the  in v iv o  actions of cysteine m ay  be a ttrib u tab le  to  
cystine. T he inab ility  of BM AA and  L-cysteine to  be rem o v ed  from  th e  
synap tic  cleft by  the  tran sp o rte r could  have a significant influence o n  the ha lf- 
lives of these  co m p o u n d s w ith in  the synaptic cleft, increasing  th e ir p o te n tia l 
to  in d u ce  excitotoxic dam age.
In  con trast to  the  lack of activ ity  observed  for BM AA a n d  cysteine, th e  
carb am ate  o f L-DAP appeared  to  be a very  p o ten t in h ib ito r  o f th e  
sy n ap to so m a l g lu tam ate  tran sp o rte r. DAP is found  as a m etabo lite  in  a 
v a rie ty  of p lan ts , in c lu d in g  those th a t con ta in  BM AA (Bell, 1979). W hile  n o  
ev idence  h as  been  p u t fo rw ard  to  iden tify  DAP as a n e u ro to x in  in  labora to ry  
an im als , w o rk  by C ho i's  g roup  iden tify  it as an  excitotoxin (W eiss, el.aL, 
1989a). In  these stud ies, m u rin e  cortical cu ltu res w ere  u sed  to  d e m o n s tra te  
th a t D A P cou ld  b o th  induce  excitotoxic dam age an d  ac tiva te  N M D A  recep tor- 
ch an n e ls  in  a b icarbonate -dependen t m a n n e r (W eiss, et.al., 1989a). T h e
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en h an ced  neuro tox ic  d am age p ro d u ced  by  the  ad d itio n  o f N aH C O g w ith  DAP 
cou ld  be b locked by th e  co-add ition  of k ynuren ic  acid, a non-specific  EA A  
recep to r an tag o n ists  (W eiss, et.al., 1989a). The m o re  selective N M D A  
an tag o n is t MK-801 w as capable of a tten u a tin g  on ly  a p o rtio n  of th e  n e u ro n a l  
d am ag e  (W eiss, et.al., 1989a), suggesting  th a t the  DAP carbam ate acted  as a n  
excito tox in  a t b o th  N M D A  an d  non-N M D A  receptors.
3W h en  ev a lu a ted  as a n  inh ib ito r of the u p tak e  of H -D -asp a rta te  in to  ra t
b ra in  synap tosom es, w e also observed  a sign ifican t e n h a n c e m en t in  ac tiv ity
w h e n  com bined  w ith  NaHCOg. T hus the K j,app for in h ib itin g  th e  so d iu m -
d e p e n d e n t h ig h  affinity  tran sp o rte r decreased from  abou t 170 pM  in  th e  
absence o f b icarbonate, to  3 pM  in  the presence o f 20 m M  bicarbonate. T h ese  
re su lts  su p p o rt the  conclusion  th a t the carbam ate of L-DAP is a p o te n t 
in h ib ito r  o f the u p tak e  system . F u rth er stud ies u sin g  heteroexchange to  
assess su b stra te  su itab ility , dem onstra ted  th a t the L-DAP carbam ate  m im ic k e d
3
the  ac tion  o f g lu tam ate  in  its ability  to stim u la te  the exodus of H -D -asparta te
p rev io u s ly  loaded  in to  synaptosom es. Im p o rtan tly  th e  h e te ro ex ch an g e  
s tim u la ted  by e ither g lu tam ate  or th e  L-DAP carbam ate cou ld  be blocked by 
th e  n o n -tran sp o rtab le  in h ib ito r DHK. These resu lts  ind icate  th a t th e  L-DAP 
carb am ate  is no t on ly  an  inh ib ito r, b u t an  excellent substra te  of th e  
tra n sp o rte r .
C o m p ariso n  o f Kj va lu es and  the concen tra  tio n -d ep en d en ce  o f 
h e te ro ex ch an g e  suggests th a t the activ ity  of the  L-DAP carbam ate  is
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co m p arab le  to  th a t of the en d o g en o u s substra te  L -g lu tam ate . Ind eed , if th e  
re su lts  of carbam ate fo rm atio n  s tu d ied  w ith  BM AA are  ex trap o la ted  to  
ap p ro x im a te  carbam ate fo rm atio n  w ith  DAP, th e n  the  tru e  carbam ate  
c o n cen tra tio n  in  these stud ies m ay  be only  abou t 25% of th e  to ta l DAP
co n cen tra tio n . T hus, the K; v a lu e  for tran sp o rte r in h ib itio n  m ay  actually  be 
sign ifican tly  low er th an  the 3 jiM value w e report. F u rth e rm o re , th e  po tency  
w ith  w h ich  th e  carbam ates acts at the  tran sp o rte r, ra ises th e  possib ility  th a t  
som e o f th e  activ ity  observed  w ith  L-DAP (as an  in h ib ito r o r  substra te) in  th e
absence o f ad d ed  NaHCOg m ig h t still be a ttribu tab le  to  en d o g en o u sly  fo rm e d
carbam ate. T hus, ev en  th o u g h  the assay so lu tio n s w ere  bubbled  w ith  
n itro g en  to  reduce  carbon  d ioxide levels, the  possible fo rm ation  of carbam ates 
fro m  res id u a l carbon  d ioxide cannot be ru led  out.
T he fact th a t L-DAP carbam ate can in h ib it the g lu tam ate  tra n sp o r t 
system , as  w ell as serve as a substra te , u n d o u b ted ly  in fluences its  action  as a n  
excito toxin . O ur resu lts  suggest th a t the L-DAP carbam ate, u n like  BM AA o r  
cysteine, can  b in d  to  the tran sp o rte r an d  reduce its  ability  to  clear o th e r  
ag o n ists  from  the synap tic  cleft. T hus, in  ad d itio n  to  the  excitotoxic ac tion  o f 
th e  L-DAP carbam ate itself, reduced  tran sp o rte r activ ity  w o u ld  increase th e  
h a lf  life o f any  en d o g en o u s g lu tam ate  in  the synaptic cleft an d  increase th e  
lik e lih o o d  th a t it w o u ld  also induce  som e excitotoxic dam age. O n  th e  o th e r  
h a n d , its  su itab ility  as a substra te  suggests th a t a m ech an ism  exists th a t can  
rem o v e  th e  excitotoxic L-DAP carbam ate from  the  ex tracellu lar e n v iro n m e n t .  
In te restin g ly , the m etabolic o r toxic consequences of in te rn a liz in g  the  L-DAP
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
5 4
carbam ate  in to  n eu ro n s  o r glia have yet to  be explored .
In  a d d itio n  to  the  in sig h t o u r resu lts  p ro v id e  in to  the  p o ten tia l toxic 
m ech an ism s of these excitotoxins, o u r  da ta  also  p ro v id e s  v a lu a b le  
in fo rm a tio n  o n  the  pharm aco logy  of the  h ig h  affin ity  Na* -d e p e n d e n t 
g lu ta m a te  tran sp o rte r. A t the m ost basic level, w e h av e  d em o n stra ted  th a t  
th e  carbam ate  o f L-DAP can b ind  to the substra te  site o n  th e  tra n sp o rte r
p ro te in . The fin d in g  th a t NaHCOg by itself exhibits little  if any  ac tiv ity  as a n  
in h ib ito rs , ind icates th a t the  carbam ate form s p rio r to  b ind ing . S tru c tu re  
activ ity  d a ta  ind icate  th a t th is b in d in g  is stereoselective, as D-DAP carbam ate 
w as a m u c h  w eak er in h ib ito r (K^app = 268 pM). This fin d in g  is co n s is ten t 
w ith  th e  stereoselectiv ity  observed  w ith  g lu tam ate , w h ere  aga in  the  p rin c ip a l 
ac tiv ity  re s id es  w ith  th e  L-enantiom er.
Losses in  activ ity  w ere also observed  w ith  a co rresp o n d in g  increase in  
carbon  backbone leng th , as L- an d  D-DAB w ere inactive , b o th  in  th e  p resence
a n d  absence of NaHCOg. A n analogous structu re-activ ity  re la tio n sh ip  is seen  
in  th e  p ro g ressio n  from  g lu tam ate  to a -am in o ad ip a te , w h ere  co nsiderab le  
in h ib ito r  activ ity  is also lost. The lack of activity  of the  D A B-carbam ates, as 
e ith e r tran sp o rt inh ib ito r o r substra te , is of particu lar no te because it has also  
b e e n  re p o rte d  to  exh ib it excitotoxic p ro p erties  (W eiss, et.aL, 1989a). In  p a ra lle l 
w ith  th e  characteriza tion  of DAP, C hoi's laborato ry  d em o n stra te d  D A B's 
ab ility  to  d ep o larize  as w ell as induce  excitotoxic d am age in  m u rin e  cortical 
cells in  a b icarbonate d ep en d en t m an n e r (W eiss, et.al., 1989a). A lth o u g h  th e  
DAB carbam ate  w as less p o ten t th a n  DAP, its effects w ere  lim ited  to  th e
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N M D A  receptor, as the toxicity could  be a tten u a ted  by MK-801. O u r p re se n t 
re su lts  w o u ld  g roup  DAB in  a class w ith  BM AA an d  L-cysteine, in  th a t its  
ca rb am ate-m ed ia ted  excitotoxicity can n o t be red u ced  by rap id  u p ta k e  f ro m  
th e  sy n ap tic  cleft th ro u g h  the  h ig h  affinity g lu tam ate  tran sp o rte r.
In  su m m ary  these s tud ies d em o n stra te  th a t selected am in o  acid 
ca rb am ates  {e.g., L-DAP) can  inh ib it an d  serve as su b stra tes  of the  h ig h  affin ity  
N a^ -d e p en d e n t sy nap tosom al g lu tam ate  tran sp o rte r. In  ad d itio n  to  
p ro v id in g  a m ore  de ta iled  p ic tu re  of tran sp o rte r pharm aco logy , these  re su lts  
a lso  increase  o u r  u n d e rs ta n d in g  of the  m ech an ism s by w h ich  th e se  
excitotoxic carbam ate induce  CNS dam age. O n one h an d , acting  as in h ib ito rs  
o f th e  u p ta k e  process {e.g., L- and  D-DAP carbam ates), these  tox ins can slow  
th e  ra te  o f clearance of o th e r agonists, such  as g lu tam ate , an d  increase th e  
chances o f excitotoxic dam age. O n  the o th e r h an d , those carbam ates th a t a re  
n o t in h ib ito rs  (and  consequen tly  n o t substra tes) m ay  h av e  sign ifican tly  longer 
h a lf lives in  th e  synap tic  cleft, as they  cannot be  cleared  fro m  the ex trace llu la r 
space b y  th e  g lu tam ate  up take  system . In  e ither case, o u r  s tu d y  h ig h lig h ts  th e  
im p o r ta n t ro le  of tra n sp o rt w ith in  th e  EAA system .
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I. 12% nC O L L : 
(500 mLs)
60 g  Ficoll
440 m is 0.32 M Sucrose 
100 pL 20 m M  EDTA 
p H  to  7.4 w ith  very  d ilu te  K O H  
b rin g  u p  to  final vo lum e w ith  0.32 M  Sucrose
n . 7.5% FICOLL: 
(500 m Ls)
37.5 g Ficoll
4462.5 m is 0.32 M  Sucrose 
100 iiL 20 m M  K^ EDTA
p H  to  7.4 w ith  very  d ilu te  K O H
b rin g  u p  to  final vo lum e w ith  0.32 M  Sucrose
m. H O M O G EN IZA TIO N  BUFFER:
(1 L)
1.211 g Tris 
b rin g  u p  to  800 m Ls w ith  0.32 M  Sucrose 
p H  to 7.4 w ith  G lacial Acetic A cid 
b rin g  u p  to  final vo lum e w ith  0.32 M  Sucrose
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IV. 2 M  SUCROSE: 
(1 L)
684.6 g Sucrose 
b ring  u p  to 1 L w ith  N an o p u re  w ate r 
h ea t gen tly  u n til d isso lves
V. 0.32 M  SUCROSE:
(1 L)
160 m Ls 2 M  Sucrose 
b rin g  u p  to  1 L N an o p u re  w ater
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7 3
L CO N TRO L BUFFER 2X:
(1 L)
3.604 g D-Glucose 
15.018 g N aC l 
0.744 g KCl
0.414 g N aH 2 p 0 4  H 2 O (m onobasic) 
0.492 g MgSO^
2.422 g Tris 
p H  to  7.4 w ith  G lacial Acetic A cid 
0.588 g  CaCl2  (anhydrous)
n . 100 m M  HEPES: 
(1 L)
26.03 g HEPES 
b rin g  u p  to  800 m Ls w ith  N an o p u re  w ate r 
p H  to  7.4 w ith  12 N  H Cl
b rin g  u p  to  final vo lum e w ith  N an o p u re  w ate r
m . 50 m M  HEPES: 
(2L)
M ix 1 L of 2X C ontro l Buffer an d  1 L o f 100 m M  HEPES
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